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Abstract: Objectives: The feasibility and safety of the use of neurorehabilitation technology (SMARTfit®

Trainer system) by physical therapists in implementing a gamified physical-cognitive dual-task train-
ing (DTT) paradigm for individuals with Parkinson disease (IWPD) was examined. Additionally, the
efficacy of this gamified DTT was compared to physical single-task training (STT), both of which
were optimized using physio-motivational factors, on changes in motor and cognitive outcomes, and
self-assessed disability in activities of daily living. Methods: Using a cross-over study design, eight
participants with mild-to-moderate idiopathic PD (including one with mild cognitive impairment)
completed both training conditions (i.e., gamified DTT and STT). For each training condition, the
participants attended 2–3 sessions per week over 8.8 weeks on average, with the total amount of
training being equivalent to 24 1 h sessions. A washout period averaging 11.5 weeks was inserted be-
tween training conditions. STT consisted of task-oriented training involving the practice of functional
tasks, whereas for gamified DTT, the same task-oriented training was implemented simultaneously
with varied cognitive games using an interactive training system (SMARTfit®). Both training con-
ditions were optimized through continual adaptation to ensure the use of challenging tasks and to
provide autonomy support. Training hours, heart rate, and adverse events were measured to assess
the feasibility and safety of the gamified DTT protocol. Motor and cognitive function as well as
perceived disability were assessed before and after each training condition. Results: Gamified DTT
was feasible and safe for this cohort. Across participants, significant improvements were achieved in
more outcome measures after gamified DTT than they were after STT. Individually, participants with
specific demographic and clinical characteristics responded differently to the two training conditions.
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Conclusion: Physical therapists’ utilization of technology with versatile hardware configurations and
customizable software application selections was feasible and safe for implementing a tailor-made
intervention and for adapting it in real-time to meet the individualized, evolving training needs of
IWPD. Specifically in comparison to optimized STT, there was a preliminary signal of efficacy for
gamified DTT in improving motor and cognitive function as well as perceived disability in IWPD.

Keywords: Parkinson’s disease; integrated dual-task training; motor-cognitive training; gamified
rehabilitation; neurotechnology; physical therapy modalities; optimized intervention; exergaming;
neurological rehabilitation; patient-focused intervention

1. Background and Purpose

Parkinson disease (PD) is the second most common chronic neurodegenerative disease.
It is a gradually progressive disease that affects close to one million people living in the
United States and more than 10 million people globally, according to statistics published
by the Parkinson’s Foundation [1]. This same source estimated that 60,000 new cases of PD
are diagnosed annually in the United States alone. For individuals with Parkinson disease
(IWPD), in addition to the cardinal motor symptoms (i.e., bradykinesia, rigidity, and resting
tremor) that arise from dopaminergic depletion in the substantia nigra pars compacta [2],
non-motor features such as cognitive deficits, psychiatric disturbance, and autonomic
dysfunction are well recognized symptoms. Some of these non-motor disorders have been
known to even predate the appearance of motor signs by more than a decade before a
PD diagnosis can be established clinically [3]. Collectively, these motor and non-motor
symptoms contribute to declined function and quality of life (QoL) [4].

Progressive cognitive impairment is one of the most common non-motor symptoms
and has the most significant clinical and economic burden for the PD population [5,6].
With disease progression, Lewy pathology can become widespread, which is associated
with cognitive impairment, leading to the possibility that as many as approximately 80%
of IWPD in the advanced disease stage developing dementia [7,8]. Approximately one
in four IWPD without dementia has mild cognitive impairment (MCI)—the earliest stage
of cognitive dysfunction [9,10]. Cognitive impairment is known to affect an array of
executive and non-executive (e.g., attention, information processing speed, visuospatial
ability, working memory) functions in PD [11,12]. Thus, dual-task performance (essential
for activities of daily living (ADL) such as walking while holding a conversation) is
especially problematic when the neural correlates that are implicated in central executive
function and attentional capacity are affected by PD, leading to cognitive impairment and
reduced motor automaticity [13].

There is currently no cure for PD, and existing therapies such as the administration of
dopaminergic medications (e.g., levodopa, bromocriptine) and deep brain stimulation can
only manage disease symptomology by providing some relief for the motor manifestations
of the disease. However, side effects such as dyskinesia, pulmonary valve fibrosis, and
depression have been associated with the use of these therapeutics, and the efficacies of
the treatments have been shown to diminish over time [14]. Even though an effective
pharmacological treatment for cognitive impairment in IWPD has yet to be available [15],
evidence-based, albeit limited, therapeutic benefits of challenging the impaired cognitive
systems have been found [16]. As such, dual-task training (DTT) composed of physical
and cognitive training elements can play an important role in the neurorehabilitation of
IWPD in terms of improving their motor and cognitive function as well as their overall
QoL [17,18]. In the majority of previous studies, DTT protocols were designed as the
simultaneous use of a single physical task with a single verbal cognitive task [19]. A DTT
program, composed of a compendium of functional and cognitive tasks targeting a wide
range of motor and cognitive functions while continually being adapted to individual
training needs over the entire intervention duration, has not yet been studied.
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More recently, game-based interventions have been gaining increasing attention in
their use of motivation and engagement to enhance rehabilitation outcomes in clinical
populations. These benefits of gamification applications are primarily realized through
the facilitation of rewarding experiences via the deployment of multisensory stimulation,
interactivity, and fun gameplay during the rehabilitation process [20]. Consequently, the
therapeutic gains of rehabilitation can be potentiated by promoting greater investment
of effort into training participation, especially training involving functional tasks that are
highly repetitive in nature and that can easily become boring and discouraging for patients.
Patients who experience enhanced motivation and who are highly engaged during training
are also more likely to adhere to the training protocol and stay committed to the training
program until completion, thereby reducing dropout rates [21]. Specific to the PD popu-
lation, the use of game technology developed for recreational purposes (e.g., Microsoft
Kinect, Nintendo Wii) in implementing exergaming paradigms has mostly resulted in
improvements in motor and cognitive outcomes, and were no worse than conventional or
traditional rehabilitation [22]. Gamified technology has also been specifically developed for
training purposes that aim to target specific motor and/or cognitive functional domains.
However, to date, its integrated use as a rehabilitation tool in delivering DTT in PD neu-
rorehabilitation is largely absent or limited in its technical adaptability for accommodating
the different training needs of individual recipients in real-time [23]. The SMARTfit® line
of products is one such gamified training platform developed for multifunctional motor
and cognitive training while also incorporating interaction technology with versatile con-
figuration, but its utility for rehabilitation has yet to be tested in any clinical population
(www.smartfit.rocks accessed on 1 October 2021).

The current study objectives are two-fold. Primarily, the efficacy of physical-cognitive
DTT was examined by comparing its effects to those of physical single-task training (STT)
on changes in motor and cognitive outcomes. Due to a reported association between
perceived disability and QoL, we assessed perceived disability (measured by Movement
Disorder Society-Unified Parkinson’s Disease Rating Scale Motor Aspects of Experiences of
Daily Living [MDS-UPDRS II]) as a proxy measurement of QoL [24]. The second objective
was to study the feasibility and safety of physical therapists’ implementation of an adaptive,
gamified DTT paradigm using the SMARTfit® Trainer system. To the best of our knowledge,
this is the first study to utilize technology in an adaptive manner for the integration of
motor and cognitive interactions to address the personalized training needs of IWPD.

2. Method
2.1. Participants

Participants with PD were recruited from a convenience sample using an online
platform (Fox Trial Finder: https://www.michaeljfox.org/trial-finder accessed on 1 June
2018) during the period from 20 June 2018 to 19 July 2019. The inclusion criteria were (1)
age between 50 and 85 years, (2) diagnosis of idiopathic PD using the criteria of the United
Kingdom Brain Bank as determined by a movement disorders neurologist [25], (3) no
contraindication to exercise, (4) being medically stable and optimized on PD medications,
(5) being able to stand and ambulate independently with or without an assistive device,
(6) no other neurologic, neuromuscular, orthopedic, and cardiovascular disease, and (7)
medical clearance from a primary care physician to participate in this physical therapy
intervention. Each IWPD provided written informed consent approved by the Institutional
Review Board of the University of Southern California before participation in this study
(ClinicalTrials.gov trial number: NCT03921359). All participants also signed forms to
grant permission for releasing information, and the information presented herein meets
the HIPAA requirements for disclosure of protected health information. A total of nine
participants were recruited.

During the first visit, the participants’ demographic and clinical data were obtained
(see Table 1). At the time of study enrollment, six of the nine participants were older adults
(above 65 years of age); three of them had a disease duration longer than two years; two

www.smartfit.rocks
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of them had moderate disease severity (Hoehn and Yahr Stage 3); one of them had MCI
(for scoring below 26 points on the Montreal Cognitive Assessment) [26], mild depression
(for scoring above 10 points on the Geriatric Depression Scale [Long Form]) [27], and low
mobility confidence (for scoring below 80.9% on the Activities-Specific Balance Confidence
scale) [28]; three of them had experienced at least one fall incident in the past six months
before study participation (henceforth, described as having a faller status); and three of
them were physically inactive (with less than 150 min of participation in exercise and
non-exercise physical activities per day [as measured by the Longitudinal Aging Study
Amsterdam Physical Activity Questionnaire], the amount that is normally attained by
healthy controls) [29].

Table 1. Demographic, clinical, and baseline (T0) characteristics of enrolled participants a.

Participant Age
(y) Sex Dx (y)

H&Y
Stage MoCA HoF ABC GDS LAPAQ

Perceived
Disability Motor Function Cognitive Function

MDS-UPDRS II d MDS-
UPDRS III d M-PPT e PD-CRS e TMT B/A d

P1 b 80 F 5.7 3 30 0 97.2 1 286 3 38 29 106 2.33

P2 c 53 F 0.3 2 30 3 94.1 2 220 7 24 34 113 1.31

P3 c 72 F 1.6 3 28 2 85.8 0 107 12 26 33 114 1.39

P4 c 60 F 6.9 2 26 0 95.6 5 103 4 17 33 113 1.15

P5 b 68 F 0.6 2 26 0 95.0 4 86 1 25 32 95 1.72

P6 c 75 F 1.8 2 28 1 98.4 1 264 0 33 33 100 1.32

P7 b 58 F 1.9 2 19 b 0 76.3 19 c 300 7 47 22 53 2.05

P8 c 69 M 6.5 2 27 0 87.3 5 220 13 45 28 102 1.95

P9 d 73 M 0.1 2 28 0 98.8 2 294 1 13 33 106 1.37

a Dx = Time since diagnosis of disease; H&Y = Hoehn and Yahr Scale; MoCA = Montreal Cognitive Assessment; HoF = History of Falls
Questionnaire (indicated here as the self-reported number of falls in the past six months before study participation); ABC = Activity-Specific
Balance Confidence Scale; GDS = Geriatric Depression Scale (Long Form); LAPAQ = Longitudinal Aging Study Amsterdam Physical
Activity Questionnaire (reported here as the total time per day in minutes). b Participant was assigned the single-task training condition
followed by the dual-task training condition. c Participant was assigned the dual-task training condition followed by the single-task
training condition. d Lower values indicate better scores for this outcome measure. e Higher values indicate better scores for this outcome
measure.

2.2. Procedures

The order of the two training conditions (i.e., DTT and STT) was counterbalanced
across the participants. Based on a simple randomization method whereby consecutive
participants were alternately assigned to one of the two orders, five participants received the
DTT-STT order while four were given the STT-DTT order (see Table 1 for sequence details).
For each training condition, the participants completed two to three training sessions per
week over an average of 8.8 weeks. For each training condition, each participant received a
summed amount of training hours that is equivalent to 24 one-hour sessions. To minimize
carryover effects from the first training condition, the participants underwent a washout
period averaging 11.5 weeks before starting the second training condition. A physical
therapist provided one-to-one instructional supervision during every session of the two
training conditions. The STT condition consisted of task-oriented trainings involving the
practice of six real-life functional tasks (such as sit-to-stand and gait; see Table A1 with
table format and vision parameters modified from King and Horak [2009]) [30]. For each
functional task, three levels were set in five parameters (amplitude, endurance, balance,
vision, and accuracy), allowing the task difficulty to be adjusted and to progress over time.
Each task was practiced with quality of movement as an essential element. In contrast, the
DTT condition integrated the abovementioned functional tasks with a variety of gamified
cognitive tasks themed on executive function, attention, information processing speed,
working memory, visuospatial ability, and language processing (see Table A2). During
the DTT sessions, the SMARTfit® Single (www.smartfit.rocks/products/smartfit-single
accessed on 1 October 2021) and SMARTfit® Strike Pods (www.smartfit.rocks/products/
smartfit-strike-targets accessed on 1 October 2021) were used in tandem to facilitate visuo-

www.smartfit.rocks/products/smartfit-single
www.smartfit.rocks/products/smartfit-strike-targets
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tactile interaction between participants and equipment during task execution. The cognitive
tasks that were performed simultaneously with these functional tasks were selectable by the
physical therapist from an inventory of 16 items available in the SMARTfit® Single system
application. The games were customizable in terms of level of task difficulty (e.g., temporal
demands, presence or absence of distractor stimuli, required level of tactile force output),
duration of play, appearance (e.g., types of icon or symbol, display colors), and availability
of auditory feedback. These customizable features allowed the adjustment of the degree of
challenge and provided choice for supporting the autonomy of the participants. Due to
the nature of the intervention involving the use of the SMARTfit®equipment in the DTT
condition and not in the STT condition, the physical therapists and investigators were not
blinded to the training conditions.

Of note, all of the sessions throughout the course of each training condition were
optimized in several ways. These sessions were designed to be task-oriented [31] as well as
tailored in real time to meet the specific training needs in terms of maintaining a challenging
level according to (1) the individual capacity of at least a moderate exercise intensity of
50–70% of the individual’s maximum heart rate [32,33] and (2) individual constraints of
impairments, activity limitations, and participation restrictions (if any). These training
requirements were assessed by one of four physical therapists (i.e., YC, DB, LS, and NG)
who were assigned on a rotational basis to supervise each session. The participants were
also allowed to exercise autonomy in choosing the order that they would like to receive the
three pairs of functional tasks (see Table A3 for detailed descriptions of these six tasks and
their difficulty levels) [34]. Specifically, at the beginning of each round of three consecutive
sessions they were asked to select one of the three pairs of functional tasks (e.g., Pair 1) to
use for the current session as well as to decide on the order for the remaining two pairs
of functional tasks to be used for the next two sessions (e.g., Pair 3 followed by Pair 2). In
addition, the cognitive tasks to be used in the DTT condition were selected by the physical
therapist with the consensus of the participants being sought in real-time. That is, when
a participant preferred one cognitive task (e.g., arithmetic multiplication) to another one
(e.g., arithmetic subtraction) that had been suggested by the physical therapist, the choice
of the participant would be used. At each participant’s discretion, they could also rest at
any time (unless otherwise stipulated for the endurance parameter of two functional tasks:
multi-plane locomotion and gait) and for any duration during each session.

In order to assess the feasibility of using the SMARTfit® Trainer system (SMARTfit,
Inc., Camarillo, CA, USA) for delivering a gamified DTT program to participants in a
challenging manner, the training duration and average heart rate (HR) data were collected
for each session. Participants were required to wear an optical heart rate sensor on their
forearm throughout the duration of each training session (Polar OH1, Polar Electro, Inc.,
New York, NY, USA). The DTT program feasibility criterion was determined by a minimum
total duration of 24 h of attendance and a minimum session-average exercise intensity at
the moderate level across participants. Adverse events, if any, were also monitored and
recorded throughout the course of the study. Three outcome domains (i.e., motor function,
cognitive function, and perceived disability) were measured before (i.e., pre-test at T0
and T2) and after (i.e., post-test at T1 and T3) each training condition using the following
five instruments: (1) the Movement Disorder Society-Unified Parkinson’s Disease Rating
Scale Motor Examination (MDS-UPDRS III), (2) the Modified Physical Performance Test
(M-PPT), (3) the Parkinson’s Disease-Cognitive Rating Scale (PD-CRS), (4) the Trail Making
Test (TMT), and (5) the MDS-UPDRS II. The participants were instructed to maintain their
dopaminergic medication regimen as directed by their neurologists, and all training and
assessment sessions were conducted during the “ON” state (within a period of four hours
after medication).

2.3. Statistical Analysis

To compare the treatment responses between DTT and STT as well as changes during
the washout period (i.e., differences between the end of the first training condition and the
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start of the second training condition), each change (or absolute) score was individually
normalized to remove between-participant variability from the data [35]. Due to a low
sample size that is not able to provide sufficient statistical power, the 84% confidence
interval (CI) of the normalized mean change (or absolute) score of one training condition
(or score of one timepoint) was used for statistical comparison with that of the other training
condition (or score of another time point). In this approach, the absence of an overlap
between the two 84% CIs was used as the main criterion to determine any significant
differences in the training effects between DTT and STT as well as in comparing scores
during the washout period (between the post-test of the first training condition and the
pre-test of the second training condition). This use of the 84% CI over the 95% CI was
adopted to determine statistical significance using an α value of 0.05 [36].

3. Results

Eight (P1–8) out of nine participants completed both training conditions. One partici-
pant (P9) completed the STT as the first training condition, but could not start the second
training condition (DTT) due to the early termination of the study necessitated by the
COVID-19 pandemic. The data of P9 were subsequently omitted from further analyses.

The raw and normalized change scores (from pre-test to post-test) for all of the
outcome measures are shown for the eight participants in Figures 1 and 2, respectively.

3.1. Feasibility and Safety

Each of the eight participants who were included in the analyses attended a minimum
total of 24 h of training for each of the two training conditions (DTT condition averaging
18.5 ± 3.8 sessions across all participants and STT condition averaging 19.1 ± 4.3 sessions
across all participants). On average, a moderate exercise intensity was achieved during the
DTT sessions (averaging 61.4 ± 9.2% of HRmax across all participants) and the STT sessions
(averaging 64.5 ± 11.8% of HRmax across all participants). There was no occurrence of
adverse events during the study.

3.2. Motor Measures
3.2.1. MDS-UPDRS III Score

The MDS-UPDRS is a PD severity and progress assessment (Goetz et al., 2008). The
third section of the MDS-UPDRS is the motor examination subscale that includes 14 items
to evaluate tremor, rigidity, bradykinesia, gait, and postural instability [37].

Four out of the eight participants improved in their MDS-UPDRS III scores after
completing the DTT, with improvement exceeding the minimum detectable change (MDC)
of 5 points in all four participants [38], whereas three participants showed an improvement
in MDS-UPDRS III scores upon the completion of the STT, with two of them showing
improvements that were above the MDC (DTTMDC:STTMDC = 4:2). Shulman et al. (2010)
further defined three categories of clinically important difference (CID) values for the MDS-
UPDRS III score [39]. With reference to their minimum CID (MCID) value of 2.5 points,
the same four participants surpassed the MCID after the DTT. After the STT, the same
two participants who exceeded the MDC and one additional participant, making a total of
three, exceeded the MCID (DTTMCID:STTMCID = 4:3). In terms of a moderate CID value
of 5.2 points, the results for the DTT and the STT are similar to those reported above
using an MDC value of 5 points as the reference (DTTModerateCID:STTModerateCID = 4:2).
Only one participant had a score change above a large CID value of 10.8 points after
the DTT, but none of the participants’ improvements reached this criterion after the STT
(DTTLargeCID:STTLargeCID = 1:0).
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Figure 1. Comparison of individual raw change scores between DTT and STT for five outcome measures. Reference lines
indicate values of minimal detectable change (MDC) or minimum clinically important difference (MCID); no MDC and
MCID values of TMT B/A ratio have been established for adults with PD. * Participant was assigned the dual-task training
condition followed by the single-task training condition.
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bounds of 84% CIs for group means. Dashed horizontal lines represent no change in pre-post training scores; values above
them indicate pre-post training improvements. * Negative values indicate score improvements for this outcome measure.

Across participants, the improvement seen in the MDS-UPDRS III scores for the DTT
(Mnormalized = −3.88 ± 4.69, 84%CI [−6.48, −1.27]) was not statistically different from
no change in the MDS-UPDRS III scores for the STT (Mnormalized = 0.13 ± 4.69, 84%CI
[−2.84, 2.71]). During the washout period, the MDS-UPDRS III scores did not significantly
change from the end of the first training condition (Mnormalized = 26.88 ± 3.03, 84%CI [25.19,
28.56]) to the start of the second training condition (Mnormalized = 28.25 ± 3.03, 84%CI
[26.56, 29.94]).

3.2.2. M-PPT Score

The M-PPT is a nine-item test that assesses multiple dimensions of physical function
(basic and complex ADL) with different levels of difficulty. It is an objective assessment of
the degree of frailty using a combination of seven items from the Physical Performance
Test, the chair rise test, and the Romberg test [40].

Four participants improved in M-PPT, with one participant improving above an MDC
value of 2.46 points (averaged from King et al. [2015] and Paschal et al. [2006]) at the end of
the DTT [41,42]. In comparison, four participants had improved scores, with two of them
being higher than the MDC after undergoing the STT (DTTMDC:STTMDC = 1:2).

The improvement in the M-PPT scores across the participants was not different between
the DTT paradigm (Mnormalized = 1.00 ± 0.62, 84%CI (0.65, 1.35)) and the STT paradigm
(Mnormalized = 0.88 ± 0.62, 84%CI [0.53, 1.22]). There was no significant change in M-PPT
scores between the end of the first training condition (Mnormalized = 31.38 ± 0.32, 84%CI
[31.20, 31.55]) and the start of the second training condition (Mnormalized = 31.50 ± 0.32,
84%CI [31.32, 31.68]) during the washout period.

3.3. Cognitive Measures
3.3.1. PD-CRS Score

The PD-CRS is a valid, reliable, and useful neuropsychological battery that is designed
to cover the full spectrum of cognitive defects that are associated with PD. It includes
10 “subcortical-type” items (attention, working memory, the Stroop test, four verbal fluen-
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cies, immediate and delayed verbal memory, clock drawing), and two “cortical-type” items
(naming, copy of a clock) [43].

Upon the completion of the DTT, there was an improvement in the PD-CRS scores in
four participants, with one participant exceeding a MCID value of 11.5 points (averaged
from a range of 10 to 13 points reported in de Bobadilla et al. [2013]) [44]. Three participants
showed improvement in their PD-CRS scores, with one of them experiencing an improve-
ment above the MCID criterion after completing the STT (DTTMCID:STTMCID = 1:1).

Across participants, there was no change in the PD-CRS scores after the DTT pro-
gram (Mnormalized = 3.13 ± 6.43, 84%CI [−0.45, 6.70]) as well as after the STT program
(Mnormalized = 0.63 ± 6.43, 84%CI [−2.95, 4.20]), both of which did not differ statistically.
During the washout period, there was no significant change in the PD-CRS scores from the
end of the first training condition (Mnormalized = 104.00 ± 3.96, 84%CI [101.80, 106.20]) to the
start of the second training condition (Mnormalized = 103.63 ± 3.96, 84%CI [101.42, 105.83]).

3.3.2. TMT B/A Ratio

The TMT B/A ratio is a derived score that is obtained by dividing the time to complete
Part B of the computerized TMT (PEBL Test Battery) by the time taken to complete Part A
of the computerized TMT [45]. Neither a MDC nor a MCID has been established for adults
with PD.

Seven participants showed improvement in the TMT B/A ratio after the DTT in
comparison to only four participants who improved in the TMT B/A ratio after the STT.

There was no statistical difference between the improvement in the TMT B/A ratio
across participants following the DTT (M = −0.14 ± 0.15, 84%CI [−0.22, −0.05]) compared
to the STT (M = −0.15 ± 0.15, 84%CI [−0.24, −0.07]). The TMT B/A ratio did not signifi-
cantly change from the end of the first training condition (Mnormalized = 1.42 ± 0.18, 84%CI
[1.31, 1.52]) to the start of the second training condition (Mnormalized = 1.31 ± 0.18, 84%CI
[1.21, 1.41]) during the washout period.

3.4. Perceived Disability Measure
MDS-UPDRS II Score

The second section of the MDS-UPDRS is the motor experiences of daily living subscale
and includes 13 items for the self-assessment of disability pertaining to impairment and
difficulties with ADL and instrumental ADL [37]. Six participants improved in their
MDS-UPDRS II scores upon the completion of the DTT, with two of them exceeding
the MCID of 3.05 points [46], whereas four participants showed improvements in their
MDS-UPDRS II scores after completing the STT, with one of them improving above the
MCID (DTTMCID:STTMCID = 2:1). In terms of a categorical change in this self-reported
evaluation of disability [24], four of six participants who were in the mild-disability category
before DTT improved to the no-disability category after DTT compared to the one of three
participants who experienced an improvement from the mild-disability category to the
no-disability category after STT. A separate participant remained in the mild-disability
category and maintained the same rating before and after DTT as the first training condition,
but was categorized as having moderate disability after the washout period, and improved
to the mild-disability category after STT as the second training condition. None of the
participants belonged to the severe-disability category before the start of either of the two
training conditions.

Across participants, the improvement that was observed in the MDS-UPDRS II scores
for the DTT (Mnormalized = −2.25 ± 2.46, 84%CI [−3.62, −0.88]) was not statistically different
from no change in the MDS-UPDRS II scores for the STT (Mnormalized = −0.25 ± 2.46, 84%CI
[−1.62, 1.12]). During the washout period, the MDS-UPDRS II scores did not significantly
change from the end of the first training condition (Mnormalized = 4.25 ± 1.33, 84%CI
[3.51, 4.99]) to the start of the second training condition (Mnormalized = 4.50 ± 1.33, 84%CI
[3.76, 5.24]).
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4. Discussion

All of the participants were individually able to complete a total of 24 h for the gamified
DTT despite varied demographic and clinical characteristics within the sample cohort.
Across these participants, the average heart rate that was reached across all training sessions
was equivalent to a moderate exercise intensity. No adverse events were reported during
this study, indicating that the gamification of the optimized DTT using the SMARTfit®

Trainer system was feasible and safe for this cohort of eight IWPD.
Overall, the results of overlapping 84% CIs of the mean change scores across the

eight participants showed that the effects of gamified DTT were comparable to STT on
motor function (i.e., MDS-UPDRS III and M-PPT), cognitive function (i.e., PD-CRS and
TMT B/A ratio), and perceived disability (i.e., MDS-UPDRS II) for this cohort. Although
gamified DTT was found to be as efficacious as STT across all participants, actual score
improvements (as indicated by 84% CIs of normalized changes in score not including the
null value) were achieved in more outcome measures after gamified DTT (i.e., in MDS-
UPDRS III, M-PPT, TMT B/A ratio, and MDS-UPDRS II) compared to after STT (i.e., in
M-PPT and TMT B/A ratio). Broadly and across all three outcome domains (i.e., motor
function, cognitive function, and perceived disability), five participants (P1, P2, P3, P5, and
P7) were able to show improvements in their motor and cognitive function as well as in
their perceived disability after undergoing gamified DTT compared to two participants (P1
and P7) who achieved improvement in all of these three outcome domains after receiving
STT. Notably, after gamified DTT, all eight participants attained improvements in at least
two outcome measures across two outcome domains, whereas after STT, two participants
(P3 and P4) were not able to improve their scores in any of the five outcome measures.

No statistically different changes in motor function, cognitive function, or perceived
disability were observed between gamified DTT and STT, as revealed by the findings that
the 84% CIs of the pre-post changes overlapped between the two training conditions. The
lack of significant difference between training conditions may be attributed to the high
inherent challenge in the STT. The STT in this study consisted of six real-life functional
tasks that IWPD commonly experience difficulty in [47,48]. In addition, IWPD have been
reported to demonstrate impaired automatic movement and to compensate by using
explicit cognitive strategies when carrying out daily activities [49]. Thus, the STT in this
study may already be cognitively demanding to IWPD. The presumed inherent challenge
of STT is supported by the observed improvements in motor (frailty as measured by M-
PPT) and cognitive (set shifting as measured by TMT B/A ratio) function induced by
STT, as indicated by the findings that the 84% CIs for the changes in both measurements
following STT were above zero. Thus, integrating cognitive training via the SMARTfit®

Trainer system to an already cognitively taxing physical training may not provide as much
benefit as originally expected. Additionally, of note, both of the gamified DTT and STT
protocols used the same set of functional tasks, which were specially designed to not only
be task-specific, but to also allow variation in terms of three difficulty levels across five
parameters (i.e., amplitude, endurance, balance, vision, and accuracy). This implies that
the training outcomes of the gamified DTT were compared with those of a high standard
of training intervention (in the form of the STT) rather than traditional, usual-care physical
rehabilitation.

Even though the differences in the changes that were induced between the two training
conditions did not reach statistical significance, the effect of gamified DTT in improving
the MDS-UPDRS III scores appeared to be larger than that of STT (−3.88 versus 0.13 points
for which a negative value indicates improvement in the MDS-UPDRS III score). The 84%
CI for improvements in MDS-UPDRS III following gamified DTT did not overlap with
zero, but such an improvement was not observed after STT. In addition, more participants
achieved a MDC/MCID in their MDS-UPDRS III scores after gamified DTT than they did
after STT (DTTMDC:STTMDC = 4:2). This finding suggests that gamified DTT may provide
an additional benefit in mitigating motor symptoms and modulating disease progression.
The additional benefit of gamified DTT that was observed on motor function rather than
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on cognitive function is an interesting finding. Previous studies showed that compared to
STT, DTT can promote automatic movement and reduce the interference of a secondary
task on the primary motor task performance in IWPD [50,51]. Having the participant’s
attention be devoted to a cognitive task during physical training may prohibit the use of
compensatory cognitive strategies and may render the IWPD more reliant on the striatal
motor pathway in movement execution, which may promote the restitution of the impaired
striatal motor pathway [52,53]. These findings may reveal the potential importance of
adding cognitive challenge into physical rehabilitation in IWPD who are in the mild to
moderate disease stage.

In reference to MDC and/or MCID values, eight test scores of five participants (P1, P2,
P3, P6, and P7) improved more than these clinically significant values after gamified DTT
compared to the six test scores of three participants (P1, P5, and P7) after STT. Defining
participants who improved more than the MDC and/or MCID values in at least one of the
five outcome measures for either gamified DTT or STT as treatment responders for gamified
DTT or STT, respectively, three categories of treatment responses can be discerned from
these clinically relevant findings: (DS) two participants (P1 and P7) responded positively
to both gamified DTT and STT, (D) three participants (P2, P3, and P6) seemed to respond
well exclusively to gamified DTT, and (S) a favorable treatment response exclusive to
STT seemed apparent for one participant (P5). As shown in Table A4 of Appendix B, the
demographic and clinical parameters that are common to the participant (s) in the first two
treatment response categories are (DS) non-faller and physically active and (D) less than
two years of disease duration, faller, and high mobility confidence. As for the demographic
and clinical characteristics of the single participant in the third response category (S) that
can be cross-referenced with the other two response categories, they include a disease
duration of less than two years, non-faller status, high mobility confidence, and physically
inactive status.

4.1. Potential Predictive Characteristics for Differential Response to Gamified DTT versus STT

Is there any comparative advantage of gamified DTT relative to STT for particular sub-
groups within the PD population? Comparing the demographic and clinical characteristics
of the three participants who responded most positively to only DTT (i.e., who belonged to
the D treatment response category) with those of the one participant who responded the
most positively to only STT (i.e., who belonged to the S treatment response category), the
only clear distinction between these two categories is the former having faller status (D
category) and the latter having non-faller status (S category). This comparative result may
be indicative of faller status (defined as having had at least one fall event in a period of six
months prior to study participation) as a potential viable classifier criterion for identifying
a unique subgroup of IWPD who would benefit the most from gamified physical-cognitive
rehabilitation relative to physical rehabilitation alone. Three participants (P2, P3, and P6)
in the current cohort fit this fall history profile and indeed, they each improved in three
outcome measures (two of which surpassed the MDC and/or MCID values for P2 and
P6; one for P3) across at least two outcome domains (P2 and P3: motor, cognitive, and
perceived disability; P6: motor and cognitive) after gamified DTT. In comparison, they
responded less to STT, with two (P2 and P6) of them having each made improvements in
only two outcome measures (all of which did not reach the MDC and/or MCID values)
across at least one outcome domain (P2: cognitive; P6: motor and cognitive) and one (P3) of
them having made no improvement in any of the five outcome measures. Importantly, the
motor improvement for all these three participants (P2: 8 points; P3: 12 points; P6: 7 points)
exceeded the MDC and MCID values (of 5 and 2.5 points, respectively) for MDS-UPDRS
III—the gold standard established for assessing motor function in the PD population—
upon the completion of gamified DTT, but not after STT. This finding indicating that IWPD
with faller status respond more positively to therapeutic treatment involving gamified DTT
may highlight the greater need for this subgroup of IWPD to receive training focused on
improving their capacity for dual task performance. As indicated by the results of Heinzel
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et al.’s study showing a relationship between dual-tasking effects and fall risk for people
with PD, higher deficiency in dual task performance in terms of walking 20 m in a straight
line while checking boxes printed on paper (attached to a handheld clipboard) predicted
a higher probability of future falls [54]. As a sidenote to the observations of the current
study, the three participants in the D treatment response category received gamified DTT
before STT, whereas the one participant in the S treatment response category underwent
STT before gamified DTT (see Appendix B for details). Although the order of the two
training conditions was randomly assigned to these four participants so as to achieve
counterbalancing across all nine of the enrolled participants, the effect that the order of the
training conditions might have on training effects could not be determined in the current
study due to a statistical power limitation.

Among the participants who showed improvements in the outcome measures fol-
lowing either gamified DTT or STT, at least half of them tended to respond to one type of
training condition rather than both training conditions. A study by Strouwen et al. (2019)
showed that IWPD who had better cognitive function and slow gait velocity during dual
tasking benefitted from DTT the most [55]. Together, these findings support that DTT
individualized to each participant’s clinical characteristics is needed. For example, a person
with PD who has mild cognitive impairment may benefit more from training requiring the
simultaneous performance of a choice reaction task (of relatively low cognitive challenge)
during multi-plane locomotion (of relatively complex physical challenge) than training
involving performing a complicated arithmetic task during multi-plane locomotion, es-
pecially at an early phase of a training program. However, the sample size in this study
is insufficient for subgroup analyses, and further research is needed to identify whether
other factors or cut-off values can be used to identify those IWPD with certain clinical
characteristics who may respond to gamified DTT or STT better.

It is also interesting to note that the only participant (P7) who presented with mild
cognitive impairment and mild depression upon evaluation at the first visit was also
assessed to have dementia, which was determined according to the PD-CRS score that was
below 62 points at the first baseline [56]. Relative to the baseline PD-CRS score of 53 points
(at T0), this participant subsequently reached and maintained a non-demented cognitive
status by performing 40% better at the test session after the first training condition (with a
score of 74 points at T1), which was STT, 34% better at the test session after the washout
period (with a score of 71 points at T2), and finally 43% better at the test session after
the second training condition (with a score of 76 points at T3), which was gamified DTT.
There is paucity in the research literature of studies investigating training effects on the
cognitive function of IWPD having MCI because cognitive dysfunction, as assessed by
neurocognitive screening tests, is commonly used as an exclusion criterion for research
participation involving the PD population, especially in fall intervention studies [57].
Hence, this unique case (P7) may be highly valuable in suggesting that it is beneficial for
IWPD who have nonmotor symptoms affecting cognition and mood to receive some form
of physical training, be it gamified physical-cognitive DTT or physical STT. This is because
physical training with or without combining with cognitive training has the potential to not
only reverse cognitive decline from the demented state to the non-demented state during
initial training within the first 7.5 weeks (which is the length of STT period for P7), but that
it also shows the potential of retaining some of that improvement in cognitive function
for at least 11.5 weeks (which is the length of washout period for P7) after training, and
to continue enhancing cognitive function during subsequent training in the last 7.5 weeks
(which is the length of gamified DTT period for P7). With MCI being a risk factor for
dementia, which is a major public health issue [58], training protocols that can be used as
preventive measures or therapeutics to delay its onset, revert it back to normal cognition,
or slow down its conversion to dementia will have important implications for alleviating
individual, societal, and economic burden. It would also be interesting to investigate the
potential training benefits of gamified DTT in treating mild depression and low mobility
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confidence (the other clinical characteristics unique to this participant, but not assessed as
training outcome measures in the present study) in future studies.

4.2. Limitations

Some limitations of the present study include the small sample size with demographic
and clinical heterogeneity (see Table 1 for details), so the findings for the current cohort
cannot be generalized to other IWPD, and the poor statistical power, which restricts us
from conducting sub-analyses to examine possible differences in treatment responses of
disease subtypes. Due to the assessment of the outcome measures being conducted shortly
after training with no follow-up assessments, the long-term retention of training benefits
and detraining effects after a delayed period (e.g., six months, one year) are also unknown.
As we did not use a direct measurement instrument for QoL, we could only infer the
impact of each of the two training conditions on this outcome domain from changes in
the participants’ self-assessment of their disability in relation to ADL, as measured by
MDS-UPDRS II [24].

The amount of rest in between training bouts within each session was not controlled,
so variable fatigue levels and training dosages in terms of the number of task repetitions
and amount of time in active task practice might have influenced the results. However,
allowing the participants to have control over their rest conditions, together with the choice
of task order in both the gamified DTT and STT programs as well as options of cognitive
tasks in the gamified DTT program, was intended as an autonomy support strategy for
operationalizing the optimization of rehabilitation in this study [34]. Additionally, the
physical therapists and investigators were not blinded to the study design or the assigned
order of training interventions for the participants.

4.3. Potential Advantages and Implications in Traditional Clinical Setting and Telerehabilitation

Beyond considerations of feasibility, safety, and efficacy, the use of gamified DTT in
neurorehabilitation has other potential advantages as a therapeutic intervention. In the neu-
rorehabilitation of IWPD, interventions that employ technology such as exergaming and
virtual reality equipment (e.g., Microsoft Kinect, Nintendo Wii-Fit) have either primarily
targeted motor function alone or have included cognitive function as a secondary training
outcome. In comparison, the gamified DTT used in the current study was specifically
designed to influence functional outcomes in both the motor and cognitive domains. The
use of the abovementioned technologies has also been constrained in their design adapt-
ability to individual training needs [59,60]. The gamification of DTT as a combinatorial
modality of delivering physical and cognitive training in an adaptive manner that can be
tailored in real-time to suit individual needs rather than as a one-size-fits-all paradigm is a
state-of-the-field, novel, and untapped potential of clinical significance.

The incorporation of game elements (e.g., score system, visual stimulation, auditory
feedback, goals and targets, touch-response augmentation) in the dual task taxonomy used
for neurorehabilitation has the potential to enhance engagement and motivation to ensure
high-quality time spent on training through effort investment (with participants putting
forth their best efforts to do well in the tasks) and program compliance (with high rates
of adherence to training protocol and completion of the training regimen) [61,62], both
of which can also contribute to greater data accuracy for the practice performance and
training outcomes of the intervention.

Moreover, neurorehabilitation technology such as the SMARTfit® Trainer system
that can be pre-programmed with custom-designed programs containing task-specific
activities for fast setup at any time during the course of a training session is valuable
for facilitating more interaction time between the therapist and the patient. Within each
training session, less time spent in setting up translates to more time available for attending
to instructing, guarding, and observing patients for the therapists while increasing on-task
training time (resulting in higher training dosage) for the patients. This up-scaling of time
usage efficiency has the advantage of alleviating the physical burden that is placed on
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therapists of having to rush through the setting up of the task environment and/or having
to forgo the enrichment of the task environment, for example, through gamification, in
preference of a simple setup so as not to compromise therapist–patient interaction time or
active training time for the patient.

In view of the contagion risks of implementing in-person PD neurorehabilitation dur-
ing a period of heightened viral spread associated with close physical contact in a pandemic
situation, the use of the SMARTfit® Trainer system equipped with remote-access technology
(e.g., Wi-Fi-enabled video monitors and audio communication devices) can offer physical
therapists a valuable tool for leveraging technology to ensure the continuation of patient-
centered therapy delivery in a pandemic-specific mitigation environment. For example, the
physical therapist could be located in one room of a PT clinic equipped with audiovisual
devices that are connected wirelessly to a PD patient who is located in a separate room
that is also set up with a SMARTfit® Trainer system equipped with network-connected
communication capability within the same clinic, at another medical facility, or in the home
environment of the patient. Specifically, with the use of the SMARTfit® Trainer system
for remote supervision-enabled training, patients can continue to receive individualized
therapeutic treatment for their motor and cognitive symptoms with minimal disruption to
their neurorehabilitation routine in times when reduced physical mobility, geographical
relocation, or the occurrence of a viral pandemic situation prevents clinic visits.

Given the safety challenges of implementing physical therapy in a telerehabilitation-
based setting for this patient population with postural instability as a hallmark of the
disease [63], some modifications to the functional tasks used in the current study must
be made to accommodate independence during patient training in the virtual presence
of a physical therapist. For example, functional training permitting the use of stationary
postures, such as a seated position or in-place standing, or involving dynamic postural
changes close to the ground or a stable support platform, would be safer and more appro-
priate for implementation in a physically contactless or limited-contact therapeutic setting.
For proof of concept, the findings of the current study can be used to inform the design
of an adequately powered randomized controlled study to explore the feasibility, safety,
and efficacy of utilizing gamified technology with time-efficient scalability and physical-
distancing features to implement an adaptive, interactive, and effective DTT program for
meeting person-specific functional training needs during PD telerehabilitation.

5. Conclusions

In a small cohort of PD patients, we found that gamified DTT implemented using
SMARTfit training technology as a rehabilitation tool is feasible, safe, and appeared to show
interesting directions to explore for improved efficacy compared to traditional therapeutic
approaches. This article is the first to describe the training benefits of using a gamified
training platform that is capable of facilitating visuo-tactile interaction during mental
engagement for the implementation of physical-cognitive DTT in meeting the unique
challenges of not only mitigating motor and cognitive symptoms simultaneously, but also
perceived disability for IWPD. The use of neurorehabilitation technology in the form of
the SMARTfit® Trainer system by physical therapists in implementing a gamified DTT
paradigm was demonstrated to be feasible for achieving a total of 24 training hours at a
moderate exercise intensity, safely, with no incidence of adverse events.
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Appendix A

Details of the functional tasks and cognitive tasks used for implementing the gamified
DTT and the STT are shown in Tables A1–A3.

Table A1. Pairing of six functional tasks.

Task A Task B

Pair 1 Sit-to-stand Multi-plane locomotion
(obstacle course)

Pair 2 Gait Reach and grasp

Pair 3 Floor-to-stand; stand-to-floor Single limb standing

Table A2. List of 16 cognitive tasks from the SMARTfit® Single system application.

Name of
Game

Targeted Cognitive Processes

Selective
Attention

Sustained
Attention

Inhibitory
Control

Cognitive
Flexibility

Decision-
Making

Visual
Search

Visual-
Perceptual
Processing

Visuospatial
Working
Memory

Language
Processing

Information
Processing

Speed

Category: Chase
Chase the

Color 1 2 1 1

Chase the
Target 1 1 2 2 1 1

Category: Equations
Addition,

Subtraction 2 1 2 2

Squares,
Division,

Multiplica-
tion

2 2 2 1 1 2

Category: Memory
Color,

Numbers,
Shapes

2 2 1 2

Dice,
Symbols 2 2 1
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Table A2. Cont.

Name of
Game

Targeted Cognitive Processes

Selective
Attention

Sustained
Attention

Inhibitory
Control

Cognitive
Flexibil-

ity

Decision-
Making

Visual
Search

Visual-
Perceptual
Process-

ing

Visuospatial
Working
Memory

Language
Process-

ing

Information
Process-

ing
Speed

Category: Seek
Seek the

Color 1 2 2 2

Seek the
Letter 1 2 2 2

Seek the
Smiley 1 2 2

Category: Track
Track Left,

Right,
Both

2 1 2 2 1 2 2

Track the
Letter 1 2 1 2

Track the
Color 1 2 2

Non-Categorized Games
Lights

Out 1 2 1

Pattern
Recogni-

tion
2 1 1

Rally 2 2 1
Spelling 1

1 = Primary cognitive process. 2 = Secondary cognitive process.

Table A3. Difficulty levels of functional tasks.

Pair 1 Task A: Sit-to-Stand

Level Amplitude/Speed Endurance Balance Vision Accuracy

1

Perform task well enough
so that the task is able to be

completed in one
attempt—18-inch height

chair

Complete 10
repetitions

Both feet on the ground and
allowed to use upper extremity

support

No manip-
ulation

Not using back of
legs on the chair and
standing up to full
upright posture; no

“toes up”

2

Perform task well enough
so that the task is able to be

completed in one
attempt—16-inch height

chair

Complete 20
repetitions

Both feet on the ground with goal
of no upper extremity support

Look
left/right

3

Perform task well enough
so that the task is able to be

completed in one
attempt—14-inch height

chair

Complete 40+
repetitions

No upper extremity support with
pelvis or feet on an unstable

surface (i.e., DynaDisk cushion;
Airex pad)

Eyes
closed

Maintain end upright
posture—no

wobbling, no “toes
up” end position
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Table A3. Cont.

Pair 1 Task B: Multi-plane locomotion (turns, stepping over, around, and between obstacles, steps, or stairs)

Level Amplitude/speed Endurance Balance Vision Accuracy

1 Largest step at comfortable
speed

15 min with any
number of rest

breaks

PT UE
support

Stable surface but
obstructed path
with obstacles to
walk around and

over (short objects)

No manip-
ulation

Not knocking over
any obstacle

2 Maintain largest step
length and increase speed

15 min with 1–2
rest breaks Cane

Stable with
obstacles to walk
around and over
(tall objects), and
unstable surfaces
(thick floor mat)

Look
left/right

Predictable start and
stops and 90◦ turns

3
Maintain largest step
length and as fast as

possible safely

15 min with no
rest break No Support

Stable with
obstacles to walk
around and over
(tall objects), and
unstable surfaces

(step on Airex pads
or river stones)

Scanning
environ-

ment with
head
turns

Unpredictable start
and stops and turns
of 90◦ (2-steps), 180◦

(max of 4 steps), or
360◦ (max of 8 steps)

Pair 2 Task A: Gait

Level Amplitude/speed Endurance Balance Vision Accuracy

1 Largest step at comfortable speed

15 min with
any number

of rest
breaks

Forward,
side-ways, and

backward walking
with PT in front

giving UE support

No manip-
ulation

No accuracy
manipulation

2 Maintain largest step length and increase
speed

15 min with
1–2 rest
breaks

Forward,
side-ways, and

backward walking
with a cane

Look
left/right

PT directed stop and
start

3 Maintain largest step length and as fast as
possible safely

15 min with
no rest
break

Forward,
side-ways, and

backward walking
with no UE support

Scanning
environ-

ment with
head
turns

Stop and start and
regular turns (left,

right, 180◦ or reversal
from forward to back

or side-stepping
direction

Pair 2 Task B: Reach and grasp

Level Amplitude/speed Endurance Balance Vision Accuracy

1

Sitting—maximum excursion
(DISTANCE) of the reach with variations in

both HEIGHT: Shoulder height, up and down
AND

DIRECTION: forward, lateral, and across

10 reaches
each arm

Blocked direction
and blocked height

No manip-
ulation

Grasp large object
(e.g., water bottle)
with palmer grasp

2

Standing—maximum excursion (DISTANCE)
of the reach with variations in both HEIGHT:

Shoulder height, up and down AND
DIRECTION: forward, lateral, and across

20 reaches
each arm

Blocked height
variable direction

Look
left/right

Grasp medium-sized
object (e.g.,

highlighter) with
tripod grasp

3

Standing: Step and reach
Maximum excursion (DISTANCE) of the reach

with variations in both HEIGHT: Shoulder
height, up and down AND DIRECTION:

forward, lateral, and across

40 reaches
each arm

Variable height and
direction

Look at
object and
then close
eyes for

reach and
grasp

Grasp small object
(e.g., paper clip) with

pincer grasp
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Table A3. Cont.

Pair 3 Task A: Floor-to-stand; stand-to-floor

Level Amplitude/speed Endurance Balance Vision Accuracy

1 With chair in front—down to knees and
back up 5 repetitions Using chair for upper

extremity support
No manipu-

lation

Best posture possible but OK if
trunk is flexed; minimal sway or
instability through the transition

and in end positions

2 Down onto hands and knees and back up 10 repetitions Not using chair Look
left/right

Maintenance of extension in trunk;
minimal sway or instability

through the transition and in end
positions

3 All the way down into prone and back up 20 repetitions
Using least number of
limbs possible (arms

and legs)
Eyes closed

Maintenance of extension in trunk;
minimal sway or instability

through the transition and in end
positions

Pair 3 Task B: Single limb standing

Level Amplitude/speed Endurance Balance Vision Accuracy

1 Lift one foot up slightly to hip/knee
flexion 15◦, and to hip abduction 10◦ 5 repetitions Hand contact on an

object as support
No manipu-

lation Maintain for 5 s per repetition

2 Lift one foot up to hip/knee flexion 30◦,
and to hip abduction 20◦ 10 repetitions Hands on hip Look

left/right Maintain for 10 s per repetition

3 Lift one foot up to hip/knee flexion 45◦,
and to hip abduction 30◦ 20 repetitions

With bilateral
shoulder

abduction/flexion 90◦
Eyes closed Maintain for 20 s per repetition

Appendix B

Responders were participants who improved above the MDC and/or MCID values
in at least one of the five outcome measures for either gamified DTT or STT, whereas
non-responders were those whose improvements did not reach or exceed the MDC and/or
MCID values in any of the five outcome measures for either gamified DTT or STT. Only
four demographic and clinical characteristics (i.e., disease duration, fall history, balance
confidence, and daily physical activity level) are shown here because they were found to
be common amongst all the participants in either the DS treatment response category or
the D treatment response category.

Table A4. Categorization of treatment responses (i.e, DS, D, and S), and common demographic and clinical characteristics
of treatment responders within each category.

Category of
Treatment Response Participant Order of Training

Conditions Dx (y) a HoF b ABC c LAPAQ d

Responders

DS
P1 STT-DTT 5.7 0 (NF) 97.2 (H) 286 (A)
P7 STT-DTT 1.9 0 (NF) 76.3 (L) 300 (A)

D
P2 DTT-STT 0.3 3 (F) 94.1 (H) 220 (A)
P3 DTT-STT 1.6 2 (F) 85.8 (H) 107 (I)
P6 DTT-STT 1.8 1 (F) 98.4 (H) 264 (A)

S P5 STT-DTT 0.6 0 (NF) 95.0 (H) 86 (I)
Non-

Responders
P4 DTT-STT 6.9 0 (NF) 95.6 (H) 103 (I)
P8 DTT-STT 6.5 0 (NF) 87.3 (H) 220 (A)

a Dx = Time since diagnosis of disease. b HoF = History of Falls Questionnaire (indicated here as the self-reported number of falls in
the past six months before study enrollment); F = faller status (due to having had at least one fall event in the six months prior to study
participation); NF = non-faller status (due to having not fallen in the six months prior to study participation). c ABC = Activity-Specific
Balance Confidence Scale; H = high mobility confidence (due to a score of at least 80.9 percentage points on the ABC scale; Powell and
Myers, 1995); L = low mobility confidence (due to a score below 80.9 percentage points on the ABC scale; Powell and Myers, 1995).
d LAPAQ = Longitudinal Aging Study Amsterdam Physical Activity Questionnaire (reported here as the total time of participation in
[exercise and non-exercise] physical activities per day in minutes); A = physically active (due to having at least 150 min of physical activities
per day; van Nimwegen et al., 2011); I = physically inactive (due to having less than 150 min of physical activities per day; van Nimwegen
et al., 2011).
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