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Abstract

Background Physical activity combined with virtual reality and exergaming has emerged as a new technique

to improve engagement and provide clinical benefit for gait and balance disorders in people with Parkinson’s disease
(PD).

Objective To investigate the effects of a training protocol using a home-based exergaming system on brain volume
and resting-state functional connectivity (rs-FC) in persons with PD.

Methods A single blind randomized controlled trial was conducted in people with PD with gait and/or balance
disorders. The experimental (active) group performed 18 training sessions at home by playing a custom-designed
exergame with full body movements, standing in front of a RGB-D Kinect® motion sensor, while the control group
played using the computer keyboard. Both groups received the same training program. Clinical scales, gait recordings,
and brain MRI were performed before and after training. We assessed the effects of both training on both the grey
matter volumes (GVM) and rs-FC, within and between groups.

Results Twenty-three patients were enrolled and randomly assigned to either the active (n=11) or control (n=12)
training groups. Comparing pre- to post-training, the active group showed significant improvements in gait and bal-
ance disorders, with decreased rs-FC between the sensorimotor, attentional and basal ganglia networks, but with an
increase between the cerebellar and basal ganglia networks. In contrast, the control group showed no significant
changes, and rs-FC significantly decreased in the mesolimbic and visuospatial cerebellar and basal ganglia networks.
Post-training, the rs-FC was greater in the active relative to the control group between the basal ganglia, motor
cortical and cerebellar areas, and bilaterally between the insula and the inferior temporal lobe. Conversely, rs FC

was lower in the active relative to the control group between the pedunculopontine nucleus and cerebellar areas,
between the temporal inferior lobes and the right thalamus, between the left putamen and dorsolateral prefrontal
cortex, and within the default mode network.

Conclusions Full-body movement training using a customized exergame induced brain rs-FC changes
within the sensorimotor, attentional and cerebellar networks in people with PD. Further research is needed to com-
prehensively understand the neurophysiological effects of such training approaches.

Trial registration ClinicalTrials.gov NCT03560089.
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Gait disorders

Introduction

Gait and balance disorders are common and debilitating
symptoms in people with Parkinson’s disease (PD) [1, 2].
These symptoms worsen over time, becoming resistant to
conventional medical treatments and deep brain stimu-
lation [3]. Consequently, they contribute to increased
mortality, morbidity, and healthcare costs [4—6]. Reha-
bilitation programs have shown promising results in
improving walking and postural abilities in people with
PD including increased walking speed, step length, and
overall quality of life [7-11]. In recent years, the inte-
gration of physical activity with virtual reality combined
with task-specific and/or externally cued training, uti-
lizing immersive and nonimmersive environments, has
emerged as a novel approach for enhancing motivation
and engaging patients’ motor and cognitive skills [12—
16]. When combined with exercise, virtual reality and
exergaming have demonstrated efficacy comparable to
that of traditional physiotherapy [12, 17, 18]. Addition-
ally, they offer potential supplementary benefits related
to motor disability, automaticity, gait, and balance per-
formance [12, 14, 15, 17, 19-24]. Moreover, virtual reality
and exergaming training provide the advantage of being
adaptable for home use, with or without supervision
(telerehabilitation) [18, 25-30]. They are also well toler-
ated and accepted [14, 31, 32], provided they are tailored
to the patient’s disability [13, 14].

The underlying mechanisms through which physi-
cal training improve motor disability in people with PD
are not yet fully understood. Animal models of PD sug-
gest a potential neuroprotective effect of intense motor
exercise, involving antioxidant activity, a reduction
in inflammation, and the promotion of synaptogen-
esis [33-37]. Neuroimaging studies in people with PD
have revealed compensatory mechanisms that involve
increased recruitment of attentional and sensorimo-
tor networks to overcome movement difficulties and
improve automaticity [38—41]. Following training, vari-
ous significant changes in brain anatomy and functional
connectivity have been reported, depending on the spe-
cific training programs employed. High-intensity aerobic
training primarily restores function in the sensorimo-
tor (primary motor cortex [M1], supplementary motor
area [SMA])-cortico-thalamic-striatal pathways, along
with possible neuroplastic changes in the nigrostriatal
dopaminergic pathway [20, 42]. Goal-directed exercise
training strengthens the functional connectivity of pre-
motor areas and increases gray matter volumes in the

cerebellum, premotor cortex, parietal cortex, and tem-
poral gyrus [39, 43, 44]. Finally, cognitive-challenging
exercise mainly modifies the functioning of the fronto-
parietal and SMA-pedunculopontine (PPN) networks
and enhances activation of the motor and premotor
areas [45—47]. Limited neuroimaging studies suggest that
integrating virtual reality into physical activity training
triggers further brain modification, such as reduced acti-
vation in the right anterior prefrontal and inferior frontal
gyri and increased activation in the supplementary motor
area (SMA) and premotor areas [12, 38, 39].

In this study, we aimed to investigate the effects of a
customized exergaming videogame designed to target
gait and balance disorders in people with PD and per-
formed at home without direct supervision [48]. The
game incorporates auditory and visual cueing, along with
real-time feedback, to enhance motor skills [48, 49]. To
explore the neural mechanisms underlying the impacts of
our exergame training, we conducted a randomized con-
trolled study and examined changes in brain volume and
resting-state functional connectivity before and after the
exergame intervention. We also explored the relationship
between parkinsonian disability and brain resting-state
functional connectivity (rs-FC) before training to further
interpret the changes induced by our exergame training.

Materials and methods

Participants

This study was conducted as part of the Parkgame II
project, which aimed to evaluate the effectiveness of
a home-based customized exergame training system
for people with PD with DOPA-resistant gait and/
or balance disorders in a controlled randomized trial
(Fig. 1) [48]. The Parkgame II project was carried out
jointly at two hospitals: the Paris Brain Institute (Paris,
France) and the Radboud University Medical Cen-
tre (Nijmegen, The Netherlands). For this substudy,
between 18 July 2018 and 11 June 2021, we enrolled
23 right-handed people with PD included at the Paris
Brain Institute (France) who met the following crite-
ria: (1) aged between 18 and 80 years, (2) idiopathic
PD as defined by the UK Parkinson’s Disease Society
Brain Bank, and (3) gait and/or balance disorders unre-
sponsive to levodopa treatment (item 12 of the Move-
ment Disorder Society-Unified Parkinson’s Disease
Scale (MDS-UPDRS) part 2, gait and balance>1 and/
or item 13, freezing of gait>1, On-DOPA). Additional
inclusion criteria were stable use of dopaminergic
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Assessed for eligibility (n=176)

[ Enrollment ] I

Excluded (n=126)

*  Not meeting inclusion criteria
(n=86)

* Declined to participate (n=40)

| Randomized (n=50)* |

I

| MRI scan at baseline (n=23) |

I

Allocation

]

Allocated to Active training (n=12)
* Received allocated intervention
(n=12)

Allocated to Control training (n=11)
* Received allocated intervention
(n=11)

Follow-up ]

Lost to follow-up (n=0)
Discontinued intervention (n=2)
Excessive head motion (n=1)

Lost to follow-up (n=0)
Discontinued intervention (n=1)
Excessive head motion (n=1)
Brain lesions (n=1)

Analysis ]

Analyzed (n=9)

| | Analyzed (n=8)

Fig. 1 Study flow chart. * The Parkgame Il project was carried out jointly at two hospitals: Brain and Spine Institute (Paris, France) and Radboud
University Medical Centre (Nijmegen, The Netherlands). For this MRI substudy, we enrolled people with PD included at the Paris Brain Institute

(France)

medication for at least 1 month prior to study enroll-
ment, no other medical conditions that could interfere
with the research study, agreement to participate; and
provision of written informed consent and affiliation to
a social security scheme. The exclusion criteria were:
inability to stand or walk alone; dementia (Mini Mental
State Examination score < 24); the presence of impulse
control disorders (item 6 of the MDS-UPDRS part 1
score>2) [50]; and contraindications to MRI. The study
was performed in accordance with the Declaration
of Helsinki and Good Clinical Practice guidelines and
approved by the local ethics committee (CPP Est-III:
N° 18.04.04). The study was supported by the INSERM
(RBM, C17-07, 2017-A02531-52) and registered in a
public trial registry (Trial Registration: ClinicalTrials.
gov NCT03560089).

Parkinsonian disability, gait and balance assessments

All participants underwent general physical, cognitive
and parkinsonian disability assessments at baseline and
after the last training session. All assessments were per-
formed on medication approximately two hours after the
patients received their usual dopaminergic treatment in
the morning. These assessments were conducted by an
independent investigator unaware of the patients’ group
randomization.

The clinical assessments included (1) the Stand-Walk-
Sit test (SWST) duration, (2) the MDS-UPDRS part 3,
including the ‘axial’ (sum of the items 3.9 ‘arising from
chair, 3.10 ‘gait] 3.11 ‘freezing of gait} 3.12 ‘postural stabil-
ity’ and 3.13 ‘posture’), the ‘upper limb’ (sum of the items
3.3 ‘rigidity’ for upper limbs, 3.4 ‘finger tapping, 3.5 ‘hand
movements, 3.6 ‘pronation/supination; 3.15-17 ‘tremor’
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for upper limbs), and the ‘lower limb’ (sum of the items
3.3 ‘rigidity’ for lower limbs, 3.7 ‘toe tapping, 3.8 ‘leg agil-
ity; 3.17 ‘tremor’ for lower limbs) subscores [50]; the Gait
and Balance Scale part B (GABS-B) [51]; the Freezing-
of-Gait Questionnaire (FOG-Q) [52]; and the Montreal
Cognitive Assessment (MoCA) [53].

Additional secondary outcomes included changes in
gait kinetics parameters between baseline and post-train-
ing using a force plate (0.9°-1.8 m, AMT Inc., LG6—4—
1) and a motion capture system (Vicon Nexus, Oxford
Metrics, UK). These phases include (1) the anticipatory
postural adjustments (APAs) phase, with duration, anter-
oposterior and mediolateral center of foot pressure dis-
placements during the APA phase, and first step length
(eFigure 1), and (2) the mean cadence, stride length,
velocity and double stance duration during straight-line
forward walking [49].

Training protocols

After baseline assessment, patients were randomly
assigned to either the active training program with
full-body movements and a Kinect (n=12, Figs. 1 and
2) or to the control training program with a laptop
(n=11). Both groups performed 18 training sessions
over a 6—9 week period (eMethods, eFigure 2) [48].
The Active training group played with full-body move-
ments performed standing in front of a RGB-D Kinect®
motion sensor (Version 2, Microsoft, USA), placed
below a television screen. The 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 control. The Control group played seated with
a keyboard without the need for any physical effort. The
movements controlled the displacements of an ava-
tar in real time, to gain points by collecting coins and

)
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avoiding obstacles. 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 perfor-
mance was graded at the end of each session.

MR imaging (MRI)

We acquired anatomical and functional MR images at
rest. The MR protocol was carried out using a Siemens
Prisma Fit 3Tesla MRI (64-channel head coil, 80 mT/m
gradient maximum amplitude) with a magnetization-
prepared rapid gradient-echo (MP-RAGE) T1-weighted
sequence (TR=2400 ms, TE=2.22 ms, FA=9, 0.8 iso,
256 slices), followed by blood oxygen level-dependent
(BOLD) multiecho 3-band T2* for resting-state (rs) fMRI
(TR=1600 ms, TE=[15.20; 37.17; 59.14 ms], FA=73, 2.5
iso, 54 slices, 300 volumes), with eyes closed.

MRI data preprocessing

Pretraining MRI datasets were acquired for 23 patients,
and post-training MRI datasets were acquired for 20
patients. Post-training MRI datasets were not obtained
due to the COVID-19 crisis in two patients and due to
premature study departure in one patient (medical deci-
sion). MRI data from three patients with pretraining MRI
scans were excluded from further analysis due to exces-
sive head motion (n=2) or brain lesions resulting from
previous deep brain stimulation (n=1). Subsequently, we
successfully obtained and analyzed pre- and post-training
MRI datasets from 16 patients for structural MRI and
17 patients for rs-fMRI. These patients were randomly
assigned to the active group (n=38 for structural MRI and
n=9 for rs-fMRI) or the control group (n=38) (Fig. 1).

Fig. 2 ‘Toap Run’exergaming. A ‘Toap run’exergame. Active training involves full-body movements, performed in front of an RGB-D Kinect®
motion sensor positioned approximately 2 m away from the patient. These movements encompass large-amplitude rapid movements of all four
limbs, pelvis, and trunk, incorporating lateral, vertical, and forward displacements, which are schematically represented for each environment.

As the patient moves, a small animal (the avatar) is simultaneously displaced in real time within three different environments: the garden (left),
the mine (middle) and the river (right). The objective is for the avatar to collect coins while avoiding obstacles. In contrast, the control training
patients underwent seated training, interacting by pushing buttons on the keyboard
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Voxel-based morphometry (VBM)

The Computational Anatomy Toolbox (CAT12) was
used for brain tissue segmentation, and the DARTEL
algorithm was used to warp the images to the standard
Montreal Neurological Institute (MNI) space [54-57].
Subsequently, brain tissue masks for white matter (WM)
and cerebrospinal fluid (CSF) were resliced to a voxel
size of 2.5X2.5x2.5 using FSL [58] to match the voxel
size of the BOLD images for further functional image
processing.

fMRI
Preprocessing of the multiecho BOLD images was con-
ducted using the AFNI pipeline. The images underwent
despiking, slice-timing correction and realignment. The
optimized combination of these preprocessed images
was obtained using the Tedana algorithm (https://tedana.
readthedocs.io/) [59-61]. Brain masks were extracted
using FSL, and the images were coregistered to T1 images
using Statistical Parametric Mapping (SPM12, www.fil.
ion.uclac.uk/spm/) [57, 62]. The recombined images
were then warped to standard MNI space using DARTEL
and smoothed using a 6 mm full-width at half-maximum
(FWHM) Gaussian filter kernel. Motion regressors were
combined with other noise regressions using the TAPAS
physIO  pipeline  (https://www.translationalneuromo
deling.org/tapas) [63], which utilizes individual CSF and
WM normalized masks. Aberrant volumes with a Frame-
wise Displacement (FD) greater than 1 were identified
and excluded, considering that more than 25% of all vol-
umes had FD>1 [64]. These regressors were used in a
general linear model (GLM) using SPM12 to denoise the
smoothed normalized images.

Regions of interest (ROIs) were defined in the MNI
space using the Wake Forest University (WFU) Pick
Atlas for the human brain (V3.0, ANSIR Laboratory). The
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selection of ROIs was guided by previous studies inves-
tigating connectivity in people with PD with or without
gait and balance disorders or FOG and the association
between specific brain regions and gait in both healthy
subjects and people with PD (Table 1). The following
functional regions were identified as the main ensem-
bles of interest, with the basal ganglia serving as a hub
and ROIs associated with cueing strategies, locomotion
and action observation therapies (AOTs). At the cortical
level, the selected ROIs included the primary motor cor-
tex (M1), anterior and posterior SMA, dorsolateral and
ventrolateral prefrontal cortex (DLPFC, VLPFC), ante-
rior insula (AI), anterior and posterior cingulate cortex
(ACC-BA 32, and PCC), superior parietal cortex, inferior
temporal cortex, and precuneus. At the subcortical level,
the ROIs encompassed the cerebellar locomotor region
(CLR), motor areas (lobes VI, VII and VIII), associative
areas (Crus I and Crus II) of the cerebellum, basal ganglia
(caudate nucleus, subthalamic nucleus, putamen), thala-
mus, and the mesencephalic locomotor region (MLR),
including the PPN (Table 1, Fig. 3A—F) [65-73].

MRI data analysis

To investigate the changes in gray matter (GM) after
training, VBM and an anatomical template were gener-
ated from WM, grey matter (GM), and CSF individual
segmentations using DARTEL [55]. Individual modulated
and warped GM masks were then extracted using the
GM template. Total intracranial volume (TIV) estima-
tion was conducted using CAT12. Finally, the masks were
smoothed with an 8 mm full-width at half-maximum
(FWHM) Gaussian filter in SPM 12, ensuring compatibil-
ity with subsequent statistical analysis. The pretraining
structural images were subtracted from the post-training
image using FSL, resulting in individual delta structural
images suitable for regression analysis.

Table 1 Regions of interest selected for brain resting-state functional connectivity analysis

ROI category ROIs

Resting state network

(1) Impacted by PD

Subthalamic nucleus, Putamen, Caudate, Pallidum,

Basal Ganglia Network

Thalamus

ACC

Cerebellum (Vlib, VIII)

PPN, Anterior Insula

PCC, Precuneus, Crus | &I

DLPFC, Superior Parietal Cortex

M1, Anterior & Posterior SMA, Cerebellum (VI), CLR

(2) Different in FOG and non-FOG patients
(3) Stimulated in cueing exercises

(4) Biomarkers of gait initiation parameters
(5) Stimulated in motor exercises

(6) Stimulated in action observation and imagery exercises

VLPFC, Inferior Frontal Cortex
Occipital Cortex (BA 17-19)
Inferior Temporal Cortex

Salience Network

Central Executive Network
Salience Network

Default Mode Network
Dorsal Attention Network

Sensorimotor Network

Default Mode Network
Dorsal Attention Network
Central Executive Network
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Fig. 3 Brain resting-state functional connectivity networks, correlation with the severity of gait and balance disorders and effects of exergaming
and control training. Upper Left panel: The images display the networks examined for rs-FC in people with PD before and after training. The
networks included A sensorimotor, B basal ganglia, C default mode, D central executive, E dorsal attentional and F ventral attentional networks.

In the images, specific regions of interest are labeled: ACC anterior cingulate cortex, CLR cerebellar locomotor region, DLPFC dorsolateral prefrontal
cortex, SMA supplementary motor area, M1 primary motor cortex, PCC posterior cingulate cortex, PPN pedunculopontine nucleus, VLPFC
ventrolateral prefrontal cortex. Upper Right panel: G The graph illustrates the positive (shown in red) and negative (shown in blue) correlations
between the rs-FC and the first component, which reflects the severity of gait and balance disorders. Bottom panels: The graphs represent

the significant changes in rs-FC after H active training and I control training. The blue lines represent decreases in rs-FC post-training, while the red
lines represent increases in rs-FC. J The graph represents the differences post-training between patient groups. The blue lines represent higher rs-FC
in the active group than in the control group, while the red lines represent higher rs-FC in the control group than in the active group

To analyze the rs-fMRI data, we measured the ampli-
tude of low-frequency fluctuations (ALFF) for each
patient per session. The ALFF was computed using four
binary Fourier pairs with a 90° phase lag at frequencies
of 0.01, 0.02, 0.04, and 0.08 Hz (100, 50, 25, and 12.5 s)
[74]. A classical general linear model (GLM) was used

analysis.

to calculate the main effect of the ALFF, which was
subsequently used to extract time courses of the vol-
umes of interest (VOIs). Subsequently, these VOI time
courses were employed as regressors in VOI-specific
resting-state fMRI GLM, and the positive effect of
the VOI contrast was calculated for further statistical
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Statistical analysis

To investigate the relationships between gait and balance
disorders and between GM volumes and resting-state
connectivity profiles, we conducted a comprehensive
analysis. Initially, a principal component analysis (PCA,
RStudio) was performed on the clinical and gait parame-
ters obtained before training. This step helped to address
any potential co-variability between these parameters.
Subsequently, a multiple regression analysis was car-
ried out to establish links between the significant com-
ponents and GM volumes, with accounting for age and
gender as covariates. We employed statistical parametric
mapping (SPM) with a probabilistic threshold-free clus-
ter enhancement (pTFCE) correction, setting the p value
threshold at p<0.001 and the minimum cluster size at
k=20.

To assess resting-state connectivity, we filtered the con-
nections based on their correlation with clinical param-
eters per PCA component using a threshold of rho>0.5.
To identify the most relevant variables and their rela-
tionships, we utilized sparse partial least squares (sPLS)
regression in the MixOmics toolbox (http://mixomics.
org). Two components were used, and the resulting
regression models were further filtered based on corre-
lation scores between the model axes and the retained
descriptors in each dataset. To ensure strong correla-
tions with sufficient patient variability, we set the filter at
0.6 standard deviation of the rho scores. To evaluate the
robustness of each model, we performed bootstrapping,
and we assessed the specificity of the models through
permutation with 1000 repetitions.

To evaluate the effects of training on GM volume, we
employed pTFCE correction with a threshold of p<0.001
and a minimum cluster size of k=30 for the VBM data.
For the connectivity matrices, tests were conducted for
each pair of ROIs with a threshold of p<0.01. To evalu-
ate changes within each group, Wilcoxon signed-rank
tests were utilized for clinical and gait parameters, and
paired t tests were performed individually. Additionally,
we applied the forced-convergence optimization (ECO)
algorithm to identify the most significant changes in gait
and balance disorders after training [75]. The algorithm
helped filter the patients with the lowest and highest
behavioral changes, enabling us to pinpoint the strongest
individual brain connectivity network shifts associated
with the most significant outcomes.

Results

Demographics, clinical characteristics, severity of gait

and balance disorders, and brain imagery in people

with PD

Table 2 presents the demographic and clinical char-
acteristics of the patients enrolled in the MRI study. At
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baseline, both training groups exhibited similar ages,
disease durations and severities of gait and balance dis-
orders (Table 2). Patients included in the control group
had higher scores on the UPDRS part 3, mainly due to
more severe parkinsonian motor signs of the upper limbs
(Table 2).

PCA revealed that the first two components accounted
for 54% of the variance in baseline clinical and gait
parameters (Fig. 4A). The first component primar-
ily captured the severity of gait and balance disorders,
encompassing scores from the axial, GABS and FOG-Q
assessments, as well as APA CoP displacement and step
length, with higher values of this component indicating
greater severity of gait and balance disorders. The second
component included the MDS-UPDRS 3 and cognition
subscale (MoCA score), with higher values indicating a
lower severity of motor disability.

GM volume analysis revealed that the severity of gait
and balance disorders (PC1) at baseline was positively
correlated with GM volume in the superior frontal cortex
and SMA (R=0.48, p<0.05; eFigure 3). For resting state
functional connectivity (rs-FC), using the sPLS regression
model with the two principal components, we achieved
an adjusted R*=0.8 for each component (p<0.001),
explaining 69.4% of the remaining variance, and we
identified 21 connections that accounted for interindi-
vidual behavioral variability along the two main com-
ponent axes (Figs. 4B and 3G). The severity of gait and
balance disorders (PC1) correlated negatively with FC
connectivity, meaning that more severe gait and balance
disorders were associated with lower FC between these
brain areas (Fig. 3G, negative correlation). This included
rs-FC between (1) the left temporal inferior cortex and
the right primary motor cortex, as well as with the left
anterior SMA; (2) the occipital lobe (BA 17-19) and the
right cerebellar lobe VIII and CLR; (3) the left CLR and
the left posterior cingulum and precuneus bilaterally; and
(4) between the right PPN and the left cerebellar lobe VII.
In contrast, we observed significant positive correlations
between the severity of gait and balance disorders and
rs-FC between (1) the right subthalamic nucleus (STN)
and the bilateral cerebellar lobes VIII; (2) the left palli-
dum and the left cerebellar lobe VII and the left anterior
SMA; and (3) the ventrolateral prefrontal cortex (BA47)
and the right cerebellum (lobe VII and Crus II) (Fig. 3G,
positive correlation).

Within-group analysis

Effects of training in the active group

In the active group, significant improvements in gait
and balance disorder severity were observed after train-
ing compared to before training (Table 2). We found
no statistically significant changes in the VBM data
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Table 2 Demographics, clinical features, gait parameters and effects of active and control training in people with PD

Active group (n 9) Control group (n 8)
Before training After training Before training After training
Age 71.1(6.2) 65.1(6.2)
Disease duration 13.1(5.3) 13.5(7.6)
Clinical features
FOG-Q score 114 (34) 11.3(3.8) 99 (2.5) 99(1.3)
GABS score 29.0(7.1) 229(13.7)* 24.0(9.2) 23.6(8.5)
MDS-UPDRS 3 score 234(83) 19.0 (8.9)* 33.0(9.2)$ 286 (13.5)$
Axial score (MDS-UPDRS) 53(33) 397 49(2.2) 4.1(3.1)
Upper limbs score (MDS-UPDRS) 84 (3.8 7.0 (3.9 15.2 (4.6)$ 12.2 (6.5)%
Lower limbs score (MDS-UPDRS) 5120 42(1.8) 6.2 (4.7) 6.3(4.3)
Gait parameters
APAs duration (ms) 600 (279) 531(108) 609 (96) 583 (106)
AP-APAs displacement (mm) 30.5(12.0) 39.2 (13.8)* 339 (45) 409 (10.6)*
Tst step DS duration (ms) 252 (36) 229 (41)* 229 (41) 240 (47)
1st step length (cm) 31.5(10.2) 33.2(7.7) 32.3(8.0) 33.7 (8.5)
Stride length (cm) 816(17.0) 83.7(18.0) 91.0(11.6) 84.9(21.0)
Velocity (m/s) 0.72(0.19) 0.76 (0.21) 0.87(0.12) 0.81(0.22)
Cadence (/min) 104 (14) 108 (11) 115 4) 114 (8)
Step width (cm) 83(4.3) 8.1(44) 7.1(2.8) 6.7 (3.3)
DS duration (ms) 200 (54) 186 (67) 158 (20) 182 (32)

The values are the means (SDs); *p <0.0.5 compared to before training; $ p <0.1 between groups

AP anteroposterior, APAs anticipatory postural adjustments, DS double stance, FOG-Q freezing of gait questionnaire, GABS Clinical gait and balance score (sum of items
8-25), MDS-UPDRS Movement Disorders Society-Unified Parkinson’s Disease Rating Scale
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Fig. 4 Principal components analysis. A The graph reports the results of the principal component analysis including clinical and gait recording data.
This analysis revealed two principal components: the first component primarily comprises clinical and gait recording data that reflect the severity

of gait and balance disorders, and the second component primarily consists of clinical data that indicate the severity of nonaxial parkinsonian
symptoms, including cognition. B The graph reports the rs-FC accounting for interindividual behavioral variability along the two main components,
which include clinical and gait recording data. APA. AP anteroposterior anticipatory postural adjustment, GABS Gait and Balance Scale, FOG Freezing
of Gait Questionnaire, MOCA Montreal Cognitive Assessment, UPDRS /Il Unified Parkinson Disease Rating Scale part 3, DS Double stance, HADS
Hospital Anxiety and Depression Scale

(eTable 1, eFigure 4). Conversely, we observed statisti- motor-premotor areas (right M1- left SMA post) and
cally significant changes in the brain rs-FC (Fig. 3H), the left temporal inferior cortex; (2) the left DLPFC and
with significant decreases in the rs-FC between (1) the the bilateral anterior insula, right frontal inferior and
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insula; (3) the left parietal superior lobule (PSL) and
the right anterior SMA, the posterior cingulate cortex
and the right precuneus; (4) the left Crus II and the left
cerebellar lobe VI; and (5) the left caudate and the PCC
(Fig. 3H). Conversely, significant increases in rs-FC were
mainly observed within BGN-CLR areas. This included
the rs-FC between the thalamus and the cerebellar areas
(right crus I and left lobe VIII), between motor cerebellar
regions (right CLR with right lobe VI), and between the
CLR and the two pallidum regions (Fig. 3H).

Effects of training in the control group

In the control group, no significant changes in the sever-
ity of gait or balance disorders were observed after train-
ing (Table 2). Similarly, VBM analysis did not reveal any
statistically significant changes in this group (eTable 1,
eFigure 4). Conversely, we found statistically significant
changes in the rs-FC analysis after Control training, with
decreased rs-FC between the right putamen and Crus I
and between the left STN and Crus IIB (Fig. 3I), as well
as between the right pallidum and insula. Conversely,
after control training, there was a significant increase in
rs-FC between the right and left putamen, between the
right inferior temporal cortex and right cerebellar lobe
VI/Crus I areas, and between the right inferior tempo-
ral cortex and left motor cerebellar areas (CLR and lobe
VIII) (Fig. 31).

Between-group analysis

We found no significant differences in the VBM between
the patient groups post-training. For post-training rs-FC
changes, we found lower connectivity in the control
group than in the active group between the basal gan-
glia and motor cortical (M1) and cerebellar areas (CLR,
Crus I and Crus II) and between the insula bilaterally and
the temporal inferior lobe (Fig. 3]). Conversely, we found
greater rs-FC between the PPN and cerebellar areas
(lobes VI and VIII), between the temporal inferior lobes
and the right thalamus, between the left putamen and
DLPFC, and within the DMN (Fig. 3]).

Discussion
In this study, we aimed to investigate the effects of two
different training methods on brain rs-FC and motor
performance in individuals with PD. The Active group
underwent exergaming using full-body movements,
while the Control group utilized a computer keyboard.
Before training, we observed correlations between the
severity of gait and balance disorders and increased rs-FC
between the sensorimotor (SMN, including the SMA and
parietal lobe), central executive (CEN, including the pre-
cuneus) and cerebellum (CBL, including the CLR) net-
works; between the MLR-PPN and the CBL (lobe VII),

(2024) 21:133

Page 9 of 13

and decreased rs-FC between the cerebellum and both
the occipital lobe, precuneus and MLR-PPN areas. These
correlations are consistent with previous studies [67,
76—84], and suggested that they reflect compensatory
mechanisms involving increased cortical and cerebellar
involvement. Such mechanisms may overcome the loss
of automaticity in gait initiation and postural adaptation
while walking in more cognitive/complex situations, and
a less efficient utilization of (visual) cueing strategies with
reduced activity within the BGN-cerebellar networks.
Following active training, we observed specific changes
in rs-FC, along with clinical improvements in gait
and balance disorders. Decreased rs-FC was observed
between the SMN (M1-SMA), CEN (left inferior tem-
poral cortex, prefrontal cortex), dorsal anterior gyrus
(DAN, including the left superior parietal cortex), ven-
tral anterior gyrus (VAN, including the anterior insula),
and BGN (left caudate) networks. Conversely, increased
rs-FC was observed between the cerebellar (lobe VI
and VIII, Crus I, LCR) and basal ganglia (thalamus, pal-
lidum) networks. These changes were not observed in
patients who played using the keyboard, and there were
no significant changes in the severity of gait or balance
disorders post training in these patients. These changes
in rs-FC observed in patients in the Active group could
thus reflect a restoration, at least in part, of automatic
motor control within the SMN and BGN [39], along with
reduced involvement of attentional-executive demands in
gait control within the DAN and VAN networks, leading
to an improvement in gait. These findings are consistent
with reduced rs-FC within the posterior mid-cingulate
cortex and left precuneus with the BGN, the bilateral
thalamus within the CEN, and the bilateral cuneus and
left lingual gyrus within the fronto-striatal network (FSN)
reported after treadmill training [38, 46]. The integration
of virtual reality, including action observation and feed-
back, as proposed in this study, could also promote bet-
ter outcomes with greater engagement of the patient and
different changes in brain activity. Action observation
has been associated with increased activation in motor
and premotor areas [45], and treadmill training com-
bined with VR has been associated with increased rs-FC
in cortical areas such as the SMA, right precentral gyrus,
and middle frontal gyrus [38]. In our study, we did not
observe additional rs-FC increases in these cortical areas
but rather within the CBL and BGN networks. Notably,
increased cerebellar GM volume has been reported after
balance training in people with PD [44], and greater acti-
vation in the MLR and cerebellar motor region has been
found after adapted resistance training with instability
in patients with FOG, consistent with clinical improve-
ments [85]. These findings suggest that our active train-
ing approach, which also targets balance control and
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includes learning motor skills, could improve the func-
tional connectivity between the cerebellum and basal
ganglia [86, 87].

Fewer changes in rs-FC were found in patients of
the Control group who played with the keyboard than
in patients who played with body movements (Active
group). Resting-state FC within the BGN-anterior insula
(VAN) network and striato-cerebellar network was modi-
fied, with decreased rs-FC between the visual cerebellar
areas and the BGN and increased rs-FC with the right
inferior temporal cortex, without clinical improvement
in gait and balance disorders. In both groups, rs-FC also
increased within the visuomotor cerebellar network (CLR
and lobe VI). These changes are consistent with findings
in healthy individuals playing video games, which have
been associated with decreased activation in visuospatial
and attentional networks, potentially reflecting automati-
zation of videogame playing [88, 89]. Increased mesolim-
bic network activity, particularly during winning trials,
has also been reported in young healthy individuals [90,
91], potentially linked to dopamine release in the limbic
striatum [92, 93], which was recently also reported in
people with PD during videogame playing [94].

Limitations

The present study has several limitations. These limita-
tions include the relatively small sample size for each
group, which may limit the generalizability of the find-
ings. Additionally, the small number of patients hindered
our ability to examine the relationships between clini-
cal effects and changes in brain activity following train-
ing. Another limitation is the baseline group difference
in non-axial motor signs, with more severe symptoms in
the control group. However, we addressed this disparity
by incorporating all variables into our statistical model
using multifactor analysis and extracting principal com-
ponent factors. Furthermore, both groups received gam-
ing programs, preventing us from studying the effects of
active exergaming training on brain activity relative to no
training or training without gaming.

Conclusions

Our study showed that exergaming interventions can
lead to distinct changes in rs-FC and gait performance
in individuals with PD. These findings contribute to
our understanding of the neural mechanisms underly-
ing the benefits of exergaming interventions in people
with PD. Utilizing such a gaming approach, that incor-
porates virtual reality and action observation, may also
increase patient engagement and motivation. Further
investigation is warranted to confirm these results in a
larger population of people with PD and elucidate the
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underlying mechanisms contributing to individual vari-
ations in clinical outcomes and at an earlier stage of the
disease to assess the possible neuroprotective effects, as
reported after intensive rehabilitation programs.
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