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Background: Parkinson’s disease (PD) is a neurodegenerative disease in which the
progressive loss of dopaminergic neurons (DA) leads to initially sporadic and eventually
widespread damage of the nervous system resulting in significant musculoskeletal and
cognitive deterioration. Loss of motor function alongside increasing cognitive impairment
is part of the natural disease progression. Gait is often considered an automatic activity;
however, walking is the result of a delicate balance of multiple systems which maintain
the body’s center of mass over an ever-changing base of support. It is a complex
motor behavior that requires components of attention and memory to prevent falls and
injury. In addition, evidence points to the critical role of salient visual information to gait
adaptability. There is a growing understanding that treatment for PD needs to address
movement as it occurs naturally and walking needs to be practiced in more complex
environments than traditional therapy has provided.

Methods: In this single-blinded randomized-controlled pilot study, an immersive
treadmill training was piloted to determine feasibility and preliminary efficacy on gait
and cognition in people with PD. Eighteen participants with Hoehn and Yahr stages
I-III PD were randomized to either an intervention or a waitlist control group. Following
baseline data collection, the intervention group trained for 30 min, three times/week
for 4 weeks on a split belt treadmill combined with a first-person immersive video
game targeting visuospatial skills and working memory. Assessment was repeated after
4 weeks of training for the experimental group and 1-month after baseline for the control
group. Primary motor outcomes were captured with the APDM Opal sensors during
6 MWT, TUG, and TUG Cognitive. Secondary outcomes of cognition were measured
with the Montreal Cognitive Assessment (MoCA), Verbal Fluency (Fruit, Vegetable, and
Animal) and the Symbol Digit Modality Test (SDMT). Within subject differences were
calculated using the Wilcoxon Signed Ranked Test and between subject comparisons
were analyzed using the Mann Whitney U-test.

Results: This novel treadmill training program was well-tolerated with all participants
in the intervention group completing 4 weeks of training three times a week without
any adverse effects. After immersive cognitive motor training, the experimental group
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made clinically relevant improvements in gait speed and walking distance during the
6 MWT while members of the control group showed no change or decreased gait
speed and walking distance over the 1-month trial. In addition, the experimental
group demonstrated significant improvement for the TUG Cognitive (p = 0.05) and
those changes were greater than the control group (between group p = 0.040). The
experimental group also improved scores on MoCA (p = 0.007) and SDMT (p = 0.01)
cognitive outcome measures while the control group did not.

Conclusion: The use of immersive gaming technology to engage specific areas
of cognition related to gait is feasible in PD. The treadmill training program paired
with a customized interactive video game improved walking velocity in addition to
non-significant but consistent improvements in other gait measures and cognitive
performance in participants with early to mid-stage PD.

Keywords: dual task, gaming, rehabilitation, gait, cognitive-motor interference, neurodegenerative disease,
physical therapy

INTRODUCTION

Parkinson’s disease (PD) leads to initially sporadic and eventually
widespread damage of the nervous system resulting in significant
musculoskeletal and cognitive deterioration (Del Tredici and
Braak, 2012). Although symptoms vary, difficulty walking is a
cardinal motor symptom of the disease. Clinically significant
gait dysfunction occurs at some point in all persons with
PD and 85% of individuals develop impairments within 3
years of diagnosis (Kang et al., 2005). The gait of patients
with PD is typically marked by reduced speed, shortened
stride length, and longer double support phase (Morris et al.,
1994; Ebersbach et al., 1999; Sofuwa et al., 2005). In addition,
gait dynamics are characterized by exaggerated stride-to-
stride variability (Blin et al., 1990; Hausdorff et al., 1998;
Schaafsma et al., 2003; Nasreddine et al., 2005; Baltadjieva
et al., 2006) reflecting a disturbance in gait rhythmicity
and an inconsistency of the locomotor pattern, increasing
fall risk (Nakamura et al., 1996; Hausdorff et al., 2001;
Schaafsma et al., 2003; Hausdorff, 2005). Loss of mobility
is associated with reductions in quality of life, activities of
daily living, and productivity in PD (Pickering et al., 2007;
Forsaa et al., 2008; Muslimovic et al., 2008; Rahman et al.,
2008).

Walking is not automatic; it involves cognitive areas of
attention and memory (Holtzer et al., 2012), which are
modulated by the dopaminergic system and known to be
compromised in PD (Pagonabarraga and Kulisevsky, 2012).
In PD, attentional demands may exceed available resources in
tasks that depend on internal cues (Brown and Marsden, 1988).
Several of the hallmark deficits in PD are due to changes
in the frontal-striatal circuits and involve executive defects
in planning, initiation, monitoring of goal-directed behaviors
and working-memory. Visuospatial and memory deficits more
representative of posterior cortical functioning are also present
in persons with PD even without corresponding dementia
(Pagonabarraga and Kulisevsky, 2012). In an experiment where
motor and cognitive tasks were performed independently and

combined in a dual task paradigm, individuals with PD showed
distinct striatal recruitment that was not seen in single task
performance or in the control participants. Results suggest
that individuals with PD may have specific impairments of
the cortical-striatal circuitry related to segregation needed to
allow independence of motor and cognitive functions during
dual tasking (Nieuwhof et al., 2017). There is a growing
understanding that treatment needs to address movement
as it occurs naturally and walking needs to be practiced
in more complex environments than traditional therapy has
provided (Moseley et al., 2005). Previous research has shown
individuals with PD have greater deficits in gait under dual-
task conditions than their healthy peers. Gait velocity and
variability increases while cognitive performance on standardized
tests decreases under dual-task conditions (O’Shea et al., 2002;
Lord et al., 2010; Plotnick et al., 2011). In their review
of this literature, Kelly et al. (2012) point out that the
frequency of multitasking and the resulting impairments creates a
pressing need for therapeutic interventions that address dual-task
gait deficits in PD.

The use of treadmills in gait rehabilitation in PD patients
improves gait performance (Miyai et al., 2000; Pohl et al., 2003;
Herman et al., 2007; Bello et al., 2008, 2010). The repetitive,
regulated walking on a treadmill improves spatiotemporal gait
parameters and those improvements are maintained in PD
(Mehrholz et al., 2016). Importantly, walking on a treadmill
allows patients to increase walk intensity (increasing time on
task) in a safe manner. However, traditional treadmill walking
has a number of limitations. Standard treadmill training has
minimal real-world sensory information necessary for motor
learning. Previous work in PD (Rochester et al., 2010) and stroke
(Peters et al., 2015) have shown the importance of providing
salient sensory information, including combined proprioceptive
and visual cues, to create long-term improvement in gait.
Visuospatial information, particularly that created by optic flow
during walking, is specifically important in healthy, adaptable gait
control (Bruce et al., 1996; Patla et al., 2004; Mukherjee et al.,
2011; Chien et al., 2014). Similarly, in PD, visual control appears
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to be critical during simple (Azulay et al., 1999) and complex
(Vitório et al., 2013) walking.

Another restriction of treadmills typically used for
rehabilitation are that they change speed and inclination only
after user input explicitly cueing the performer of an upcoming
adjustment. Step length variability (left-right step length
variation) is likewise limited by a single belt moving under the
walker. A split-belt treadmill, comprised of two belts as opposed
to the conventional one belt, allows for users to drive each
foot independently of the other and allows clinicians to target
left-right asymmetries. A training regimen that utilizes both a
split belt treadmill and an external game controller that links
an immersive visual experience to movement of the treadmill,
may provide another option for training motor adaption
with varying amounts of complexity while also providing the
benefits of ecologically valid visual information. This pilot study
examines the feasibility and preliminary efficacy of such a novel
immersive treadmill training program to improve automaticity
of gait by addressing both the movement deficits and cognitive
components critical to walking and walking adaptation by
providing continuous, salient sensorimotor information.

MATERIALS AND METHODS

This study had approval from the Stony Brook
University ethics committee (00646/https://clinicaltrials.gov
/ct2/show/NCT01917903) and all participants gave written
informed consent in accordance with the Declaration of Helsinki
prior to data collection. Testing took place in the Rehabilitation
Research and Movement Performance Laboratory, School of
Health Professions, Stony Brook University.

Participants
Twenty-two participants with PD were recruited for inclusion
in this study. Inclusion criteria included: confirmed diagnosis
by a movement disorder neurologist; 21–79 years of age, ability
to walk 15 min with or without an assistive device, and
ability to understand all study procedures and sign informed
consent documents. Exclusion from the study was based on
not meeting the inclusion criteria, secondary orthopedic or
neurological injury or disease that affected gait or balance,
visual or vestibular deficits that impair walking, and diagnosis
of a cognitive impairment unrelated to PD. Randomization was
performed using a random number generator for five bins of 6,
4, 4, 4, and 4 participants recruited (i.e., randomization occurred
after recruitment of the initial 6, and each set of 4 participants
afterward). One participant was over 80 years of age after initial
consent and randomization to the experimental group but prior
to completing data collection and was removed from further
inclusion. Two participants withdrew following randomization to
the waitlist group but prior to any data collection. One participant
allocated to the experimental group demonstrated significant
cognitive difficulties. After follow-up with neurology a secondary
cognitive impairment was diagnosed. Training was completed
but data was not included for this participant in analysis. Eighteen
participants with PD, modified Hoehn and Yahr stages 1–3 (Goetz

et al., 2004) randomly allocated to the experimental (N = 9)
or waitlist control group (N = 9) completed all testing and are
included in all data analyses. Demographic data for individual
participants are provided in Table 1.

Procedures
All assessments and training were performed with participants
ON medication. Following randomization, baseline data was
collected by two assessors (CB and MK) blinded to group
allocation. Participants completed standing and walking
assessments while wearing APDM Opal (Portland, OR) body
worn inertial sensors on both wrists, mid-chest, lumbar
spine, and both feet. Motor tasks were completed in the
same order for each session and included the 6-min walk
test (6 MWT), Timed Up and Go (TUG) (Podsiadlo and
Richardson, 1991) and TUG Cognitive (performing the TUG
while subtracting 3 from a randomly selected number in
the 90s) (TUG Cognitive) (Schumway-Cook et al., 2000). In
addition, participants were administered the Symbol Digit
Modalities Test (SDMT) (Smith, 1982), Montreal Cognitive
Assessment (MoCA), and Tests of Verbal Fluency Fruits,
Vegetables, and Animals (TVF_F, TVF_V, and TVF_A,
respectively) (Battig and Montague, 1969). All measures
were repeated at the end of 4 weeks of training for the
experimental group and after 1-month of usual activity for
the control group.

Participants in the experimental group completed 360 min
of training (30 min per session, 3 times per week ×
4 weeks) using a novel, immersive rehabilitation program
developed to target gait and cognition. Executive function
and visuospatial attention tasks were specifically included as
they have been previously described as critical components of
walking (Amboni et al., 2013). Training consisted of walking
on a split-belt treadmill (Woodway, Inc., Waukesha, WI,
United States) connected to a computer running a proprietary
first-person gaming system written using C + coding1 and
projected on a large screen to include the entire visual field
of the participant while they walked on the treadmill. Game
controls were positioned on a board positioned in front of
the participant and affixed to the treadmill and included three
large push buttons (Ablenet, Inc., Roseville, MN, United States)
to control forward/reverse, right, and left turns in the game
(see Figure 1). Maximum and minimum inclination of the
treadmill and speed of each leg—adjusted independently to
allow for individualized attention to gait symmetry—was set
by the training clinicians (RM and LM). Treadmill speed
was set initially using the participant’s baseline gait speed
and then adjusted during subsequent sessions to maintain an
optimal challenge (Guadagnoli and Lee, 2004) for each subject.
Each session consisted of two 15-min games, with a rest as
needed in-between, so that participants completed 30 min of
training each session.

The experimental group trained three times a week for 4
weeks. An overhead harness was used for safety but did not
provide any bodyweight support. The game involved walking

1www.unity.com
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TABLE 1 | Participant demographics.

Participant ID Sex Age H&Y stage PD medications Baseline gait velocity Baseline MoCA

E1 F 68 1 Y 0.93 27

E2 M 75 2 Y 0.96 26

E3 M 57 2 Y 1.02 27

E4 F 57 2 Y 0.99 29

E5 M 71 3 Y 0.95 23

E6 M 59 2 N 0.94 28

E7 M 64 1.5 Y 1.09 23

E8 M 48 2 Y 1.04 25

E9 F 70 2.5 Y 0.69 26

Mean (SD) 6M/3F 64 (9) 2 (0.56) 8/9 0.96 (0.11) 26 (2)

C1 M 78 2 Y 0.72 23

C2 F 69 2 Y 1.05 25

C3 M 73 3 Y 0.92 26

C4 M 79 2.5 Y 0.83 18

C5 M 65 1 Y 1.17 29

C6 F 72 2 Y 0.87 24

C7 F 72 1.5 Y 1.17 28

C8 M 66 2 Y 1.01 30

C9 M 67 1 Y 1.08 30

Mean (SD) 6M/3F 71 (5) 1.9 (0.65) 9/9 0.98 (0.16) 26 (4)

Sex, Age, Hoehn and Yahr (H&Y) stage, use of PD medication, baseline velocity, and baseline MoCA score for individual participants in each group. Participants in the
Experimental group (E1–E9) and Control group (C1–C9) were equivalent at baseline (p > 0.05 for all comparisons). There was only one participant (E6) that was not taking
medication (dopamine, dopamine agonists, anticholinergics, COMT or MAO inhibitors) for PD. Means and SD are in bold.

FIGURE 1 | Experimental set-up. (A) Experimental set-up including a split-belt treadmill, overhead safety harness (no bodyweight support), large button controllers
(to turn in the game left or right and reverse directions and to select the correct change following a delivery), projector and screen. A separate computer work station
to the right of the participant allowed the research clinician to control treadmill speed and inclination. Both the treadmill and the computer workstation had
emergency stop capability. (B) Level one of the immersive game: Participants are shown a map with the location of the participant in the game (red dot), target
location for delivery (yellow dot), and location of three thieves moving around the game (green dots). (C) Level two of the immersive game: Participants are shown the
map of the town but are no longer provided with dots to show where they are, where they need to go, or where the thieves are located. The dialogue in the center of
the screen is a typical starting instructional prompt. Level three has the same type of prompt but the map is no longer visible. (D) Level four of the immersive game:
similar to level three, the map is not visible in level four. The dialogue in the center shows that the instructional prompt now has a more complex price and the
calculation required at delivery is similarly more difficult.
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through a virtual town to make as many deliveries as possible in
15 min. Participants self-initiated the game by pushing any of the
control buttons. Throughout the sessions, participants were able
to view their score as well as a clock counting down from 15 min.
The level of game play became progressively more difficult each
week as follows:

• Week 1—Game interface included a map that showed the
location of the participant (red dot), the target location
(yellow dot), and the location of the thieves moving around
the town (see Figure 1B).
• Week 2—Game interface showed a map of the town but the

location of the participant, target location, and location of
the thieves was no longer included (see Figure 1C).
• Week 3—The map was no longer shown, requiring the

participant to remember the location of streets and houses
previously visited as well as visual scan for thieves.
• Week 4—The map is still not present, an additional thief is

added, and the prices of the delivered item and the amount
paid by the customer is more complex, requiring greater
calculations (see Figure 1D).

The system recorded treadmill speed of each leg, minimum
and maximum inclines, game scores, total deliveries made, and
calculation errors for each session. These measures were not
part of the efficacy analyses but will be investigated for clinical
utility in the future.

Data Analyses
All APDM sensor data were processed using Mobility Lab
software (Version 2). Statistical analyses were completed with
SPSS Version 26 (IBM, Armonk NY). Demographic data was
compared using independent t-tests assuming equal variance.
We used a Wilcoxon Signed Rank test to examine differences
in motor (gait speed, 6 MWT distance, TUG, TUG Cognitive)
and cognitive (MoCA, SDMT, TVF) task performance from
baseline to 1-month post-training (Experimental) or 1-month
of usual activity (Control) within subjects. For between subject
comparisons, the Mann Whitney U-tests was used. We present
graphic representations of all individual data points and provide
descriptions of differences in relation to clinically meaningful
changes observed.

FIGURE 2 | Motor outcomes comparing baseline to 1 month post. Individual change scores from baseline to 1-month for participants in the experimental (E1–E9)
and control (C1–C9) groups. The solid line at 0 represents no change at the 1-month post assessment (zero change). The dashed lines show the level reported for
clinically meaningful change in the respective variable. (A) Change in gait velocity. An increase of 0.14 m/s (top dashed line) or more represents a clinically meaningful
change in velocity for individuals with PD. Six of the nine participants in the experimental group improved at or past the dashed line while only two of the nine control
participants demonstrated that amount of improvement. (B) Change in distance for the 6 MWT. The dashed line represents a change of 30 m as an increase (top
dashed line) of that amount has been shown to represent a clinically meaningful change in the 6 MWT for individuals with PD. Seven of the nine participants in the
experimental group improved at or past the dashed line while only two of the nine control participants demonstrated that amount of improvement. (C) Change
scores for TUG. A decrease of 0.3 m/s (bottom dashed line) has been shown to represent a clinically meaningful change on this outcome measure. Three of the nine
participants in the experimental group improved at or past the dashed line while none of the control participants demonstrated meaningful improvement. (D) Change
scores for TUG Cognitive The dashed line represents a change of 3 s in either direction and was chosen to match the criteria for the TUG. Three of the nine
participants in the experimental group improved while none of the control participants demonstrated that amount of improvement.
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RESULTS

Feasibility
All participants in the experimental group completed 4
weeks of training without any adverse events. There was
94.4% (34/36 trials) completion of the training trials with
two sessions missed due to mechanical issues with the
treadmill rather than any participant difficulties. Two of nine
participants required seated rests of 5 min between the two
15-min games while the other seven chose short standing
rest periods of less than 5 min. All 34 training sessions
lasted less than 1 h. Demographic information is shown in
Table 1. Participants in the experimental group were not
significantly different than the control group for any of
baseline measures.

Motor Outcomes
The within and between subject analysis did not show significant
differences for any of the motor performance measures except
the TUG Cognitive. However, distance and gait speed measured
during the 6 MWT trended toward significance for the
experimental group with eight of the nine participants increasing
speed and walking further post-training (p = 0.086). Small
and moderate clinically meaningful difference of 0.06 and 0.14
m/s, respectively (Hass et al., 2014), were used to compare the
outcomes among the two groups. One month from baseline,
six participants in the experimental group showed moderate
gains and another two participants had small but meaningful
improvement. In the control group, only two participants had
clinically meaningful changes in velocity, both in the moderate
range (see Figure 2A). Similarly, considering an increase of
30 m to represent a clinically important change in distance
traveled during the 6 MWT (Bohannon and Crouch, 2016),
seven of nine people in the experimental group improved
and one other increased distance 28.5 m, approaching the
minimally clinically important difference. Only two control
participants exceeded a 30 m increase in walking distance
(see Figure 2B). While the 6 MWT is explicitly linked to
gait speed, it is important to demonstrate that the change in
speed resulted in a meaningful change in distance walking
over the duration of the test. Indeed, one person who
did not quite meet the criteria for a moderately clinically
meaningful change in velocity did increase walking distance
by more than 30 m.

Comparison of the baseline to 1-month testing of the TUG
and TUG Cognitive demonstrated that most participants in the
experimental group could incorporate the increase in gait speed
into functional tasks. Interestingly, it was the TUG Cognitive,
an outcome measure that directly measures combined cognitive
and motor performance, that showed statistically significant
improvement within the experimental group (p = 0.05) but
not the control group (p = 0.37) resulting in a between
group difference on the Mann-Whitney U-test (p = 0.040).
Indeed, six participants in the experimental group showed
greater improvement than anyone in the control group (see
Figures 2C,D).

Cognitive Outcomes
Although change in cognitive performance was not a main
outcome in this pilot study, the comparison from baseline to
post-training (experimental) and 1-month post usual activity
(control) revealed significant differences in outcomes. While
neither group showed significant improvements in any of the
verbal fluency tests, the experimental group showed significant
improvement in both the MoCA (p = 0.007) (Figure 3A) and
SDMT (p = 0.01) (Figure 3B) with all 9 participants improving
on the MoCA and 8 of 9 improving on the SDMT. In the
control group, baseline to post change in the MoCA approached
significance (p = 0.08) but with only 4 participants showing
improved scores, 4 showing no change and the final participant
showing decline. Similarly, control participants did not show
overall improvement in the SDMT (p = 0.40) with 4 participants
improving, 1 participant showing no change, and 4 participants
with poorer performance after 1-month of usual activity (see
Figure 3).

DISCUSSION

Leveraging technology to treat PD is not new. Deep brain
stimulation is a well-established tool to improve motor
performance even when medication is not effective (Groiss et al.,
2009). In addition, there is increasing literature demonstrating
the benefits of wearable sensors for the assessment and
management of PD symptoms (Rovini et al., 2017). However,
the use of technology for rehabilitation has not always
considered real-life environments during functional mobility
training. The principle of ecological validity for rehabilitation
is that gait training should not take place only under optimal
conditions in a therapeutic gym; rather, walking should be
practiced in increasingly complex and variable environments
with appropriate sensory information (Hallett and Poewe, 2008).
Previous work has demonstrated the potential of dual task
training to improve gait in PD (Yang et al., 2019) based on known
cognitive motor interaction deficits (Yogev et al., 2005). This
pilot study demonstrated the feasibility and preliminary efficacy
of an immersive training with complex cognitive engagement
and multisensory information processing. Importantly, changes
in motor behaviors reached clinically meaningful levels after
twelve 30-min sessions, well within the scope of traditional
clinical practice.

The use of a treadmill with clinician interface to train under
an optimal challenge point framework (Guadagnoli and Lee,
2004) was chosen as it provided a clinically feasible set-up
for rehabilitation. Previous work in PD has shown that gait
training with a treadmill can improve stride length and foot
clearance (Bello et al., 2014) and lead to clinically meaningful
improvements in gait velocity (Mehrholz et al., 2016). We
found similar improvements in gait velocity and corresponding
walking distance over 6 min. Herman et al. (2007) found that
progressive, intensive treadmill training over a 6-week period
improved both motor skills and quality of life and that these
improvements were maintained several weeks after training
had ceased. The mechanism underlying the improvement from
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FIGURE 3 | Cognitive outcomes comparing baseline to 1 month post. Individual change scores from baseline to 1-month for participants in the experimental (E1–E9)
and control (C1–C9) groups. The solid line at 0 represents no change at the 1-month post assessment (zero change). The dashed lines show the level reported for
clinically meaningful change in the respective variable. (A) Change scores for MoCA. The dashed line represents a change of 3-points in either direction. An increase
(top dashed line) of that amount has been shown to represent a clinically meaningful change on this outcome measure. While the experimental group showed a
consistent, significant improvement (p = 0.007) with all nine participants improving on the follow-up test, only two improved by 3 or more points. The control
participants did not demonstrate a significant change and showed a more varied pattern, with four participants improving and the other five remaining the same or
worse at 1-month testing. (B) Change scores for SDMT. The dashed line represents a change of 8-points in either direction. An increase (top dashed line) of that
amount has been shown to represent a clinically meaningful change on the SDMT. While the experimental group showed a consistent, significant improvement
(p = 0.01) with eight of nine participants improving on the follow-up test, both the experimental and control groups had only two participants improve 8 or more
points. The control participants did not demonstrate a significant change and four of the control participants had a poorer performance at 1-month testing.

use of the treadmill is not confirmed but likely includes
neuroplastic changes from the intensity of training from the
large volume of stepping that can be practiced (Hirsch et al.,
2016) and increased sensory cues from the movement of the
treadmill (Bello et al., 2010). Interestingly, there has been some
suggestion that the individual with PD most likely to benefit
from treadmill training is someone with intact cognition (Earhart
and Williams, 2012). In this study, cognition was explicitly
targeted and shown to improve with 4-weeks of individualized
treadmill training.

The use of a split-belt treadmill has been recommended
specifically for PD because of the laterality common in
presentation (Seuthe et al., 2019). In this study, training clinicians
were able to independently regulate the speed of the right and
left treadmill belts to work on gait symmetry even though it was
not an outcome in our preliminary work. While multiple studies
have shown that individuals with PD can adapt to split-belt
walking, some work suggests no improvement in coordination
post-training (Nanhoe-Mahabier et al., 2013) while other studies
indicate that carryover to overground walking may be specific to
whether the more impaired or less impaired leg is manipulated
on the treadmill (Fasano et al., 2016). More work is needed in
this area to determine the potential use of split-belt vs. traditional
treadmill training in PD.

While motor symptoms are the hallmark of PD, the presence
of cognitive deficits is a well-established non-motor impairment
(Meireles and Massano, 2012) that worsens with disease duration
(Dubois et al., 2007) and may appear prior to the onset of motor
symptoms (Pont-Sunyer et al., 2015). Cognitive training in PD
has also shown specific benefits for targeted areas of treatment,
including global cognition, attention, and verbal memory (Orgeta
et al., 2020). The vast majority of these studies isolated cognition

from motor impairments but there is recent work addressing
both movement and cognition through enriched environment
(Wang et al., 2021) and dual task training (for review, see
De Freitas TB MS et al., 2020). Similar to these studies, we
found that individuals with PD were able to improve gait speed
and functional gait (TUG and TUG Cognitive). However, we
additionally showed that integrating targeted cognitive training,
including executive control, visuospatial working memory,
and attention, during treadmill training resulted in improved
cognitive scores as well. Combining cognitive and motor training
into a single intervention represents a new way of addressing
the complex deficits in PD. First, the treadmill walking in and of
itself may lead to exercise-induced neuroplastic changes in motor
and cognitive processing (Petzinger et al., 2013). While aerobic
capacity was not measured, training combined two bouts of 15-
min walking at a challenging pace for a 30-min exercise session.
Second, the use of an immersive, visually engaging treadmill
allowed for repeated training of areas of cognition important to
gait to occur simultaneously with walking. The different game
levels each week was intentionally directed at maximizing the
cognitive challenge. The effect was that this training addressed
both the motor and non-motor symptoms of PD.

Interestingly, both the trainers and assessors noted clear
phenotypic differences in participants as they performed the
assessments and/or training. PD is a heterogenous disease
often viewed as a movement disorder with three motor types:
Tremor-dominant; akinetic-rigid or postural instability with
gait difficulty; or indeterminate (Luo et al., 2019; Wojtala
et al., 2019; Markello et al., 2021). The clinical spectrum of
PD encompasses many non-motor domains like cognition and
autonomic function. In addition to motor phenotypes, PD
has been characterized by the severity of non-dopaminergic
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factors in combination with motor complications. Cluster
analysis showed four distinct subtypes, each with multiple
motor and non-motor characteristics with groups varying by
symptom severity (van Rooden et al., 2011). Biomarker studies
show different physiological changes between tremor- dominant
PD and non-tremor-dominant PD (Marras and Chaudhuri,
2016), but clinically, individuals rarely remain in one subtype
throughout their course of disease (Nutt, 2016). While we did not
classify participants, it may have been that the consistent outlier
in our findings (participant E3) represented a different subtype.
The preliminary findings suggest that stratifying by subgroup
may provide more precise treatment response information and
be beneficial to rehabilitation treatment planning.

Limitations
This study was limited by the small number of participants in
each group. Of the 22 participants recruited, 18 were included
and completed all the testing. The withdrawal of two participants
after randomization to the waitlist control group suggests that
there is a desire for individuals with PD to engage in regular
training with new technology. This pilot was structured to
provide proof of concept and feasibility of an immersive cognitive
motor training program and, therefore, was not powered to
make conclusive statements about long-term efficacy. In addition,
although the training progression was clinician-driven based on
perceived challenge points, the study would have benefited from
collection of participant perceptions of exertion (e.g., monitoring
heartrate or use of a Borg scale during targeted sessions).

Acceptance of new technology is a critical component
of implementation science. It is important to gather more
information about the perceptions of the participants and
clinicians who might use this training program in clinics. Further
data analysis will include quality of life measures and focus
groups with qualitative assessment of the experience of the
participants who completed the four weeks of training.

Finally, this study utilized a split-belt treadmill to access the
ability of the participants to maintain continuous therapeutic
walking speeds on separate belts and to provide clinicians
a further avenue of individualizing treatment. However, it is
unclear from the current data set whether a split-belt treadmill

provides any benefits over a standard treadmill and, importantly,
as a split-belt treadmill is less clinically available it may make such
training less feasible for implementation.
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