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Introduction: There are scant data to demonstrate that the long-term

non-pharmaceutical interventions can slow the progression of motor and non-motor

symptoms and lower drug dose in Parkinson’s disease (PD).

Methods: After randomization, the Exercise-only (E, n = 19) group completed an

initial 3-week-long, 15-session supervised, high-intensity sensorimotor agility exercise

program designed to improve the postural stability. The Exercise +Maintenance (E +M,

n = 22) group completed the 3-week program and continued the same program three

times per week for 6 years. The no exercise and no maintenance control (C, n = 26)

group continued habitual living. In each patient, 11 outcomes were measured before

and after the 3-week initial exercise program and then, at 3, 6, 12, 18, 24, 36, 48, 60,

and 72 months.

Results: The longitudinal linear mixed effects modeling of each variable was fitted with

maximum likelihood estimation and adjusted for baseline and covariates. The exercise

program strongly improved the primary outcome, Motor Experiences of Daily Living,

by ∼7 points and all secondary outcomes [body mass index (BMI), disease and no

disease-specific quality of life, depression, mobility, and standing balance]. In E group,

the detraining effects lasted up to 12 months. E+M group further improved the initial

exercise-induced gains up to 3 months and the gains were sustained until year 6. In

C group, the symptoms worsened steadily. By year 6, levodopa (L-dopa) equivalents

increased in all the groups but least in E + M group.

Conclusion: A short-term, high-intensity sensorimotor agility exercise program

improved the PD symptoms up to a year during detraining but the subsequent 6-year

maintenance program was needed to further increase or sustain the initial improvements

in the symptoms, quality of life, and drug dose.
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INTRODUCTION

Parkinson’s disease (PD) impairs mobility, cognition, and quality
of life (1–3). The drugs are still the primary symptom-moderators
in people with PD (PwPD), as the lesion surgeries and deep
brain stimulation cannot halt the progression of the underlying
neurodegenerative processes (4). Physical exercise has been also
used as an adjuvant to the drugs to reduce the motor and non-
motor PD-symptoms and improve quality of life (2, 3, 5–19).
The potency of exercise is revealed by the 21 year delay in the
clinical manifestation of PD in the physically active individuals
(20). In the animal models of PD, the protective effects by
exercise might be related to neuroplasticity, neuroprotection, and
neuro-regeneration especially at high intensities (14). PD impairs
balance and postural control. When the healthy humans perform
the balance exercises, the brainstem, cerebellum, basal ganglia,
thalamus, and selected cortical regions become strongly and
preferentially activated (21). These activation patterns provide a
mechanistic basis for the symptom-reducing effects of exercise.
When exercise is enriched with multi-sensory stimuli, the
improvements in the motor and non-motor symptoms can
be long-lasting (6, 22, 23). Indeed, high-intensity exercise can
enhance the processes beyond those impacted by levodopa (L-
dopa) medications (7, 9, 16, 17, 24–29). Because improvements
in the symptoms outlast the exercise period during detraining,
exercise might have the potential to slow not only symptom- but
disease-progression (7). Accordingly, therapy-intensity predicted
the length of hospital stay, hospital readmission, and functional
improvements (9). However, the results are inconsistent, as
improvements in the symptoms can still be independent of
exercise duration, frequency, and intensity even if PwPD are
of the same age, gender, and disease stage. To illustrate, the
high frequency exercise can unfavorably affect the functional
outcomes (30).

Thus, there is a need to demonstrate that high-intensity is in
fact not harmful in moderating the disease-symptoms in PwPD
and to document how long the beneficial effects of exercise last
when it is stopped. Further, it is unclear if exercise is continued
as a maintenance program, it would in fact prolong symptom-
moderation at a functionally meaningful level (2, 18, 31, 32).
While PwPD were followed without an intervention for as long
as 41 years (33), the symptom and drug-dose modifying effects
of long-lasting exercise maintenance are unknown. In 44 cohorts
of ∼15,000 PwPD, exercise was examined as a disease modifier
intervention only in 11% of PwPD with median of 5 years of
follow-up but without a maintenance program (34). Even if an
exercise maintenance program ensued, it included only motor
but not the clinical outcomes (13, 35) and was conducted at a
low intensity even though the evidence suggests that exercise
intensity can preserve the training effects during detraining and
maintenance can heighten such effects (36).

This study aimed to determine the immediate and lasting
effects of a 3-week-long, high-intensity, and high-frequency
Exergaming agility program with and without a 6-year-long
high-intensity Exergaming agility maintenance program, on
the motor and clinical symptoms in PwPD. Based on our
previous experience and the extant data, we expected that

PwPDwould tolerate the short-term 3-week initial high-intensity
Exergaming agility program which would produce the favorable
and lasting effects during detraining. In addition, we expected
that themaintenance programwould further slow the symptoms-
progression and reduce the increase in L-dopa equivalent levels
(31, 32).

METHODS

Design and Patients
The patients with PD in this three-group randomized clinical
trial, met the UK Brain Bank criteria and had Hoehn-Yahr
score of 2–3. A preliminary screening identified 91 patients from
the hospital medical records. Some patients did not meet the
inclusion criteria (n = 8) and others declined to participate
(n= 16). The remaining 67 patients were randomized to: Exercise
+ Maintenance group (E + M, n = 19, 11M); Exercise only
no maintenance group (E, fn = 22, 9M), and to a no exercise
and no maintenance control group (C, n = 26, 15M; Figure 1;
Table 1). The principal investigator drew a colored ribbon from
a covered box and attached a colored ribbon to the folder of each
patient to randomize. For a 2-year period preceding the start of
the study, none of the patients were enrolled in rehabilitation.
After the baseline assessment, E+M and E completed a 3-week-
long agility Exergaming exercise program, which was followed
by 11 assessments of all the patients at 3, 6, 12, 18, 24, 36, 48,
60, and 72 months. The M-program lasted 72 months. The wait-
listed patients in C had the opportunity to enroll in the exercise
program after the trial. After the 3-week-long initial exercise
intervention, the patients in E and C were not enrolled in an
exercise or maintenance program for the 72-month-long follow-
up period. All the patients followed the neurologist-prescribed
medication schedule and the M-program was continued even if
changes had occurred in this schedule.

In an initial screening, the patients completed: a language-
validated version of Movement Disorder Society Unified
Parkinson’s Disease Rating Scale, Motor Experiences of Daily
Living (MDS-UPDRS-M-EDL, i.e., M-EDL), a full neurological
exam, and a mobility evaluation. In a separate visit, a
neuropsychologist evaluated cognitive function of the patients.
The neurologist and neuropsychologist were blind to the group
assignments. The exclusion criteria were: MRI-based brain
abnormalities; Mini Mental State Examination score <24; a Beck
Depression Inventory (BDI) score >40; severe cardiac disease;
uncontrolled diabetes; a history of stroke; traumatic brain injury;
seizure disorder; and past or current deep brain stimulation,
vestibular/visual dysfunction limiting locomotion or balance, or
current participation in a self-directed or formal group exercise
program. All the patients remained “on” medication that the
patients took before exercise or assessment.

The assessors included two experienced physical therapists
and a physical therapy assistant who were blind to the group
assignments of the patients. In the familiarization session, the
patients practiced each physical test and watched the Xbox Kinect
Exergaming programs. The patients gave written informed
consent to participate in the study. The Ethics Committee of
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FIGURE 1 | Consort diagram. E, Exergaming agility exercise program for 3 weeks, E+M, Exergaming agility exercise program for 3 weeks followed by a three times

weekly Exergaming exercise Maintenance program for 6 years, and C, Control, no exercise and no maintenance.

University Hospital approved the study protocol (IKEB2020/05)
and the trial was registered (NCT04559997).

Outcome Measures
The primary outcome was M-EDL, which is sensitive to the
changes in a wide array of the PD symptoms (37). The changes
in M-EDL over 3.1 points are clinically meaningful (38). One of
the two physical therapists, blinded to the group assignment of
the patients, administered this test every time to every patient in
person, to assess the motor signs of PD.

The secondary outcomes were: L-Dopa equivalents (mg·d−1)
were computed to determine if interventions reduced the
required dose; Schwab and England Activities of Daily Living
Scale (SE ADL); EuroQol five-dimension health-related
quality of life questionnaire (EQ-5D); the Parkinson’s Disease
Questionnaire (PDQ-39, clinically meaningful minimal change:
4.7 points) (39); the BDI measured depression, and the timed
up and go test (TUG) quantified mobility. Postural stability was
quantified by sway magnitude, measured on a force platform
while standing with the eyes open in a wide and narrow stance
and the eyes closed in a wide and narrow stance, in this order, for
20 s each. The outcome was the 3D path of the center of pressure
in centimeters. The patients were asked to keep an exercise and

weekly symptom log but we did not systematically assess the
adverse events.

Intervention
The Exergaming program comprised a high-intensity and high-
frequency (5 sessions/week) agility intervention, detailed and
illustrated by using the video clips (22). Briefly, E+M and E
completed 15, 1-h-long, sessions over 3 weeks. Three therapists
delivered the program by having the patients exercise in small
groups at individual times in the physical therapy gym of the
hospital. The therapists demonstrated the exercises, mingled
among the patients on the exercise floor to closely supervise and
spot for safety. The patients exercised without shoes on a 26-
mm thick Theraband-carpeted floor. A warm-up of 10min was
followed by: (1) a 20-min block of sensorimotor and visuomotor
agility training; (2) a 20-min block of sensorimotor agility
training using the X-box virtual reality exergame (Microsoft
Xbox 360 core system with Kinect, Microsoft Corporation, WA,
USA) (40), and (3) a 10-min-long cool down. The sensorimotor
and visuomotor agility training included: (1) gait training, (2)
coordination training, (3) posture training with and without the
augmented sensory inputs, (4) balance exercises with andwithout
a peer, assistive devices, height stimuli, surface modifications,
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TABLE 1 | The characteristics of the patients at baseline.

E + M, n = 19 (11M) E, n = 22 (9M) C, n = 26 (15M) All, n = 67 (35M)

Variables Mean ±SD Mean ±SD Mean ±SD Mean ±SD

Age, y 67.5 3.91 68.1 3.53 67.8 3.84 67.8 3.71

Height, cm 173.8 6.56 172.6 4.43 174.3 5.84 173.6 5.61

Mass, kg 75.4 11.32 75.6 8.23 78.6 10.30 76.7 9.95

BMI kg·m−2 24.9 2.65 25.4 2.13 25.8 3.10 25.4 2.68

MMSE 27.1 1.22 27.1 1.02 27.0 1.00 27.1 1.06

PD years 6.5 2.7 6.8 1.59 7.0 2.46 6.8 2.25

Hoehn–Yahr stage 2.5 2.00
†

2.4 2.00
†

2.4 2.00
†

2.4 2.00
†

L-dopa eq., mg·d−1 762.5 349.36 857.5 302.84 821.2 289.75 816.5 309.32

MDS-UPDRS M-EDL 20.0 5.25 19.3 4.65 19.2 5.77 19.4 5.21

PDQ-39

Mobility 17.9 6.45 16.6 4.23 6.2 8.04 16.8 6.48

Activities of daily living 9.2 4.25 9.2 2.35 8.3 4.44 8.9 3.79

Emotions 6.3 3.11 6.7 2.59 7.8 4.06 7.0 3.38

Stigma 5.1 1.90 5.6 1.62 5.5 2.98 5.4 2.29

Social 1.5 1.61 2.0 1.59 1.6 1.77 1.7 1.66

Cognition 4.6 2.36 5.1 2.10 4.5 2.87 4.7 2.48

Communication 2.6 1.92 2.5 2.11 2.3 1.64 2.4 1.86

Bodily discomfort 4.1 1.87 4.0 1.50 4.6 2.06 4.2 1.83

Sum of subitems 51.1 16.99 51.8 8.96 50.9 21.76 51.3 16.84

BDI 19.3 5.60 13.6 3.59 16.8 9.53 16.4 7.21

SE ADL, % 69.5 17.79 65.5 8.00 67.3 15.89 67.3 14.31

EQ-5D VAS, mm 64.5 13.73 69.1 8.11 63.9 11.91 65.8 11.47

EQ-5D

Mobility 3.2 0.79 3.0 0.65 3.5 0.58 3.2 0.70

Self-care 2.8 0.71 2.8 0.61 3.1 0.63 2.9 0.65

Usual activities 2.4 0.76 2.5 0.51 2.5 0.81 2.4 0.70

Pain 2.5 0.77 2.5 0.67 2.6 0.75 2.5 0.72

Anxiety 3.3 0.58 2.9 0.71 3.2 0.63 3.1 0.66

Sum of subitems 14.2 2.43 13.5 1.71 14.9 2.20 14.2 2.17

TUG, s 17.0 3.81 16.1 3.54 18.3 3.81 17.2 3.78

COP path, mm

Wide stance, EO 18.9 12.52 14.8 6.93 17.5 10.81 17.0 10.25

Wide stance, EC 27.1 16.26 20.5 8.89 17.6 7.79 21.2 11.63

Narrow stance, EO 25.9 14.23 23.5 9.01 23.2 8.16 24.1 10.37

Narrow stance, EC 26.7 12.77 25.6 7.32 25.7 8.46 25.9 9.43

E + M, 3 weeks of intense agility Exercise program followed by an exercise Maintenance program, and by periodic assessments for 72 months.
E, 3 weeks of intense agility Exercise program, no Maintenance program, periodic assessments for 6 years.
C, no Exercise, no Maintenance program, periodic assessments for 72 months.
BMI, body mass index; MMSE, mini mental state examination; PD years, number of years since Parkinson’s disease diagnosis; MDS-UPDRS M-EDL, Movement Disorder Society
Unified Parkinson’s Disease Rating Scale, Motor Experiences of Daily Living; L-dopa eq., L-dopa equivalent; BDI, Beck Depression Inventory (0–20, lower value less depression); SE
ADL, Schwab & England Activities of Daily Living Scale (PD) (0–100, 100 denoting no mobility disability); EQ-5D, EuroQol five-dimension health-related quality of life questionnaire; VAS,
visual analog scale; TUG, timed up and go test; COP, center of pressure; EO, eyes open; EC, eyes closed.
†Median.

postural changes, shifts between tasks, and directional changes,
(5) body scheme exercises, and (6) posture-corrective exercises.
The exercise dosing, surface manipulations, task numbers, task
types, feedback, and other methods to increase and manipulate
the motor and sensory stimuli, such as the sophisticated use
of the X-box virtual reality exergaming. The patients kept
an exercise log to record the symptoms and fatigue. The

attendance was recorded (41). Time devoted to the Exergaming
and non-Exergaming routines was equal. While not measured
in the present study, during such an exercise program, the
average heart rate was ∼121 b·min−1 or about 80% of the
age-predicted maximum heart rate and the rate of perceived
exertion was “somewhat hard/hard” or∼14 on the 20-point Borg
scale (42).
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TABLE 2 | The comparisons of the patients who completed and those who deceased during the 6-year-long study.

Completers, n=52 Deceased, n=15

Variables Mean ±SD Mean ±SD p d

Age, y 67.5 3.68 68.9 3.73 0.218 0.05

Mass, kg 76.3 9.34 77.9 12.1 0.648 0.13

BMI kg·m−2 25.4 2.57 25.6 3.08 0.824 0.07

PD years 6.4 2.05 8.3 2.34 0.005* 0.72

L-dopa e., mg·d−1 822.9 304.92 794.3 334.18 0.672 0.13

MDS-UPDRS M-EDL 18.7 4.93 21.9 5.56 0.035 0.63

PDQ-39 index score 48.5 14.48 60.9 21.08 0.648 0.13

BDI* 15.6 6.65 19.5 8.43 0.078 0.52

SE ADL, % 68.5 14.6 63.3 12.91 0.174* 0.32

EQ-5D VAS, mm 67.6 11.44 59.5 9.41 0.018* 0.59

TUG, s 16.9 3.51 63.3 12.91 0.197 0.38

COP path, cm 21.9 10.13 22.7 11.46 0.741 0.10

Table 1 shows the key to the abbreviations.
p, probability associated with unpaired t-test or *Mann–Whitney U-test.
d, Cohen’s effect size.
Bold face highlights differences between the two groups at p < 0.05.
COP path, averaged across four standing conditions.

Maintenance Program
After the 3-week-long, high-intensity E, E+M continued the M-
program 3×/week for 72 months in the physical therapy gym
of the hospital using the same exercises used in the 3-week
exercise program. The three therapists supervised each small-
group session at about the same time of the day for 1 h. The aim of
the maintenance program was to determine if the patients could
endure a high-intensity rehabilitation program for an extended
time-period and if such a program could slow the symptom-
progression.

Control Group
This group did not participate in the E nor in the M
program. We instructed these patients to continue their habitual
activities. Thus, they participated in their normal social activities
outside the study. They participated in the periodic testing
sessions (Figure 1) and received experimental (social) attention
at those times but did not receive extra social attention
for what E and E + M received during the E and E +

M programs.

Statistical Analyses
The data are expressed as mean ± SD and the CIs. All the values
were recorded for each patient at each time point. Because the PD
drugs are not adjusted over a short time-period, the L-dopa values
at 3-week and 3-month follow-up were imputed with the baseline
value. The analyses were performed using the built-in XT (43)
and the user-defined jmxtstcox package in Stata 16 (StataCorp
LLC, TX, USA) (44). For each outcome, the longitudinal linear
mixed effects modeling of a variable was fitted with maximum
likelihood estimation using the patients as random-intercepts
and each combination of treatments and time, the baseline values
and additional covariates of age, sex, PD years, body mass index

(BMI), L-dopa equivalent, PDQ, BDI, SE ADL, EQ-5D, EQ-5D
visual analog scale (VAS), TUG, and four measures of sway as the
fixed effects (45). The critical element of this modeling was the
Group (E+M, E, and C) by Time (10 time points) interaction,
tested by the likelihood ratio and by the coefficients, z, and p-
values (95% CIs) for specific comparisons among the groups at
the given follow-up moments. As a sensitivity analysis, we also
combined the longitudinal linear mixed effects modeling with a
semiparametric Cox regression to model survival by assuming
the shared random intercepts (46). These analyses suggested that
the time course trajectories based on the observed data and the
longitudinal linear mixed effects modeling were robust so that
adjusting the observed data for the losses to follow-up missing
data and deaths, in addition to the respective baseline measure
and covariates as done by the longitudinal linear mixed effect
model, did not affect the treatment effects.

In a separate analysis, we compared those patients at the
baseline who deceased over the 72 months with those who
completed the trial. For this analysis, the variables not normally
distributed were transformed. The comparisons were done with
an unpaired t-test or Mann–Whitney U-test in the SPSS v25
(IBM, NY, USA).

The changes over time and the differences between the
groups were further characterized by Cohen’s effect sizes.
We further quantified the within-group changes over time
and between-group differences by Cohen’s effect sizes (small:
0.20; moderate: 0.50; and large: 0.80). We computed Pearson’s
correlations between the changes in the primary and secondary
outcomes to explore the potential mechanistic links underlying
the improvements in the mobility and clinical symptoms of
the patients. The level of significance was set at p < 0.05 and
adjusted by Bonferroni correction for multiple comparisons in
Table 2.
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RESULTS

Table 1 shows the descriptive data at baseline. Three patients in
each group (n= 9) dropped out after 24 months. Figure 1 shows
that 1, 5, and 9 patients died in the E + M, E, and C groups,
respectively during the 72-month follow-up. Other than the 9
dropouts and 15 deaths, the attendance and compliance were
100% during the 3-week E-program and the 72-month follow-
up. Excluding the baseline assessment, the 67 participants were
followed-up 573 times in total (mean: 8.6/patient, range: 3–10).
Before each E session and assessment, the therapists checked the
exercise logs of the patients and did not detect the reports of
adverse effects.

Primary Outcome
The likelihood ratio test, produced by the longitudinal linear
mixed effects modeling, revealed a significant Group by Time
interaction for M-EDL [chi2 (df:18) = 209.0, p < 0.001]. The 3-
week E-program improved M-EDL by 6.3 points (±2.98; 30.2%
± 9.96) in E + M (d = 1.53) and by 8.4 points (±3.76; 42.7% ±

14.15) in E (d = 2.20, all p < 0.001). These changes exceeded the
0.7-point (±2.60; 6.0%± 16.91) change in C (Figure 2A, left dark
gray box).

After the E-program, the M-program in E+M further
improved M-EDL for 3 months by 3.5 points (±2.09; 25.1% ±

13.49; d = 1.35, p < 0.001). After 3 months, the M-program did
not further improve but sustained these initial gains until month
72 (Figure 2A, light gray box). In E, the effects of E-program
lasted for 12 months, when the M-EDL levels returned to and
remained at the baseline levels until month 72. The patients in the
C group gradually worsened over 72months by 8.5 points (±4.55;
56.3%± 36.20; d= 1.43, p< 0.001). At 72 months, the difference
in M-EDL between E + M vs. C was 16.6 points (d = 6.52), 10.4
points between E + M vs. E (d = 3.22), and 6.1 points between
E vs. C (d = 2.21) in favor of E + M or E (Figure 2A, last data
points on the right, all p < 0.001).

Compared with the results based on the observed data
(Figure 2A), longitudinal linear mixed effects modeling adjusted
for the baseline and covariates revealed a similar pattern of
responses to the E-program and during follow-up in M-EDL
(Figure 2B). The longitudinal linear mixed effects modeling
combined with the survival analysis as a sensitivity analysis
suggested that the time course trajectories based on the observed
data and the mixed effects modeling were robust so that adjusting
the observed data for missing data and deaths did not affect the
treatment effects (Figure 2C).

Secondary Outcomes
The likelihood ratio from the longitudinal linear mixed effects
modeling revealed a Group by Time interaction for BMI,
PDQ, EQ-5D, EQ-5D VAS, TUG, BDI, and the four standing
sway measures [chi2 range (df:18) = 32.2–117.3, p < 0.020 to
p < 0.001] but not for SE [chi2 (df:18) = 26.5, p = 0.082]. There
were no changes in any of the outcomes in C over the 3-week
control period while E+M and E completed the E-program, but

declined (p < 0.001) in all the variables by month 72 except in
TUG (Figures 3E,F).

After the 3-week initial E-program, BMI remained unchanged
(p > 0.05). By month 72, E + M lost 4.5 kg (±2.56; 5.6% ±

2.99; d = 0.82; p < 0.001), 2.9 and 3.7 kg more than C and E.
Exergaming improved the PDQ similarly in E + M and E by
15.3 points (±10.84, d = 1.75; 30.3%± 34.74). E+Mmaintained
this improved score for 72 months, which was then ∼25 points
clinically better (d= 4.55) than the score in E or C (all p < 0.001,
Figures 3A,B). The score of EQ-5D improved after Exergaming
by 3.8 points (±14.71, 25.6% ± 20.27, d = 2.76, p < 0.001), with
a difference of∼6 points (d= 3.21, p < 0.001) in favor of E+M
vs. E and C at 72months (Figures 3C,D). The EQ-5D and EQ-5D
VAS (data not shown) revealed similar trajectories. Exergaming
improved BDI by 2.7 points (±16.67, 14.6% ± 21.14, d = 4.48,
p < 0.001) and E+M further improved BDI by 7.1 points (±4.79,
33.7% ± 16.76, d = 5.53, p < 0.001) at month 72. The effects
of E-program lasted 36 months. At 72 months, the difference in
BDI between E + M vs. C was 13.3 points (d = 5.92), 8.8 points
between E + M vs. E (d = 2.247, and 4.6 points between E vs. C
(d = 1.99) in favor of E + M or E (all p < 0.001). Exergaming
improved TUG by 6.7 s (±18.26, 39.3% ± 26.38, d = 2.82,
p < 0.001). The patients in the group E vs. group C completed
TUG still ∼5 s faster (p < 0.001, d = 1.33) at month 36 and E
+ M sustained its 6.7-s improvement and completed TUG ∼7 s
faster than the other two groups at month 72 (p< 0.001, d= 3.21,
Figures 3E,F). Curiously, the TUG performance did not decline
in C over 72 months. After Exergaming, sway path decreased by
11.1 cm (±41.87, 30.7%± 36.83, d = 1.11, p < 0.001) in the four
static standing tests. E +Mmaintained but did not improve this
reduction at month 72 when sway path was ∼20 cm shorter in
E + M vs. E and C (d = 3.44, p < 0.001). Sway path in the
four measures averaged, was still shorter by ∼5 cm (d = 1.18,
p < 0.001) in E vs. C at month 36. The L-Dopa equivalents
increased least in E + M by 317.0 mg·d−1 (±301.05, 64.2% ±

68.50, d = 1.47,) compared with increases in E by 427.2 mg·d−1

(±208.67, 52.1% ± 26.24, d = 2.58) and in C by 765.2 mg·d−1

(336.76, 115.4%± 69.45, d= 3.32; all the changes and differences
p < 0.001, Figure 4).

As for the primary outcome, the observed (Figures 2, 3 left
panels) andmodeled data adjusted for the baseline and covariates
(Figures 2, 3 right panels) revealed a similar pattern of responses
to the E-program and during follow-up. The joint longitudinal
and survival analysis as a sensitivity analysis also revealed that
adjusting the observed data for missing data and deaths did not
affect the treatment effects (data not shown).

Correlation Analyses
The baseline M-EDL correlated with Exergaming-induced
changes in M-EDL at 3 weeks r = −0.686 (n = 41) and at 72
months r = −0.696 (n = 29 completers, both p < 0.05). As the
primary outcome in E + M plateaued after 3 months during
the M-program (Figures 2A,B), we computed the correlations
between the changes in M-EDL and changes up to 3 months in
the secondary outcomes but found no associations (all p > 0.05).
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FIGURE 2 | The effects of 3-week-long, high-intensity Exergaming agility exercise program (dark gray rectangle) with (filled circles, E + M, n = 19) or without (filled

squares, E, n = 22) 72-month-long Exergaming agility exercise Maintenance program, on the primary outcome, M-EDL. The Control group (C, open circles, n = 26)

(Continued)
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FIGURE 2 | performed no Exergaming agility exercise program and no Exergaming agility exercise Maintenance program. (A) Observed scores, such as baseline. (B)

The longitudinal linear mixed effects modeling of M-EDL fitted with maximum likelihood estimation, adjusted for the baseline and 16 covariates. (C) The combined

longitudinal linear mixed effects modeling with the semiparametric Cox regression to model survival. Time course trajectories based on the observed data (A) and the

longitudinal linear mixed effects modeling (B) were robust so that adjusting the observed data for missing data (n = 3 per group starting at 24 months), deaths (n = 1,

n = 5, and n = 9 in E + M, E, and C, respectively), the baseline differences, and covariates did not affect the treatment effects (C). The vertical bars denote ±1 SD in

(A) and 95% CI in (B,C).

Characteristics of the Deceased Patients
Unrelated to the study, 1, 5, and 9 patients, died in E + M,
E, and C groups, respectively (Figure 1). Cause of death was
cerebrovascular disease (n= 5), neoplasms (n= 4), falls (n= 3),
ischemic heart disease (n = 1), pulmonary embolism (n = 1),
and PD (n= 1). Table 2 shows the baseline comparisons between
the patients who died and those who were alive at month 72.
At baseline, there were differences (p < 0.05) between these two
groups in M-EDL and PD years.

DISCUSSION

We examined the immediate and lasting effects of a 3-week-long,
high-intensity and high-frequency Exergaming agility E-program
with and without a 6-year-long high-intensity Exergaming agility
maintenanceM-program, on the motor and clinical symptoms in
PwPD. We found that the short-term E-program improved the
PD symptoms up to a year during detraining but the subsequent
6-year-longM-programwas needed to further increase or sustain
the initial improvements in the symptoms, quality of life, and
drug dose. The L-Dopa equivalents increased over 6 years but
the increases were less in E+M than in the other two groups.
The drug doses at the baseline and the changes in dosing did not
correlate with the changes in other outcomes.

Exergaming Effects on the Primary and
Secondary Outcomes
The Exergaming E-program improved M-EDL by 7.4 points or
37% (Figure 2) above the 3.1-point clinically meaningful change
(38). This is an important finding because M-EDL is an aggregate
index of perceived and measured mobility, posture, and the
clinical symptoms. The changes in M-EDL tend to exceed those
reported previously after the aquatic and land-based programs
lasting up to 12 months and of varying intensity (6, 14, 35, 47).
Because the baselineM-EDL levels correlated strongly with the E-
program induced gains in M-EDL, the patients with low baseline
scores also tolerated the strong exercise stimulus well. We found
no evidence in the M-EDL data that the program would be
harmful for PwPD with HY stage 2–3. While not measured here,
the current program elicits a heart rate of 80% age-predicted
maximum, documenting high intensity (42). Whether such high
intensity is actually necessary to improve M-EDL remains to
be determined. The current changes indeed exceed the changes
after low-intensity yoga, dance, and balance training reported
in the reviews (2, 3, 17, 18). These changes in turn exceed
the changes in M-EDL after very low-intensity physical and
occupational therapy (48). Altogether, the data imply a dose-
response relationship in M-EDL but such a relationship is not yet
experimentally examined.

Except for BMI and SE, the E-program also substantially
improved the secondary outcomes (d = 0.82–5.92, 14.6–39.3%)
(Figure 3). PDQ measures the perception of well-being and the
difficulties in performing activities of daily living of the patients.
The 15.3-point improvement, well above the 4.7 clinically
meaningful change (39), suggests that the E-program improved
the life-outlook of the patients and reduced the impediments to
execute daily tasks. The disease-specific improvements in PDQ
were accompanied by the general health-related improvements
indexed by EQ-5D (25.6%) and EQ-5D VAS. A depressive mood
is a determinant of PD- and health-related QoL (11) and the
E-program also improved the BDI substantially by 2.7 points
(14.6%, d = 4.48). However, the changes in PDQ, EQ-5D,
and BDI were not inter-related (all p > 0.05), providing no
mechanistic links among the changes in these outcomes. Our BDI
data strengthen the conclusion of a review reporting favorable
effects of exercise on depression in PwPD (49). However, our
data are not in line with another review, reporting mixed effects
of exercise therapy on depression in PwPD and reporting also
no heightened exercise-effects due to duration and intensity
dose (11). The impairments in static and dynamic balance are
the serious PD symptoms and the 39.3% and 30.7% reductions
in TUG time (Figure 3) and standing sway path suggest the
substantial favorable changes in these abilities. These changes
exceed those reported previously after various forms of aquatic
and land-based aerobic and weight-shift exercises (2, 3, 14, 17,
18, 47). To illustrate the potency of our 15-session, high-intensity
multi-sensory exercise stimulus, the 6.7-s improvement in TUG
(d = 2.82, p < 0.001, Figure 3) was 3-fold greater than the 2.2-s
(p < 0.01) change reported after a 12-week-long, weight-shift-
focused Qigong therapy (5).

The Effects of Maintenance, Detraining,
Symptom Progression, and Drug Dose on
the Outcomes
To our knowledge, the present study, with 6 years, has the
longest exercise maintenance program and detraining follow-
ups in PwPD compared with the follow-up durations of 17
days, 1, 2, and 6 months (15, 50–52) or 2 years (23, 31, 32).
While the complementary and alternative medical approaches
are considered for minimizing the symptom-progression (12),
exercise therapy is emerging as an efficacious symptom
management option in PwPD (8, 53, 54). The uniform pattern
produced by the M-program across the outcomes was that it
further increased the exercise-induced gains for up to 3 months
when these gains plateaued (Figures 2, 3). Thus, the M-program
further improved the Exergaming-induced M-EDL gains by 3.5
points at 3 months (25.1%, d = 1.35, p < 0.001). Afterward,
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FIGURE 3 | The effects of 3-week-long, high-intensity Exergaming agility exercise program (dark gray rectangle) with (filled circles, E + M, n = 19) or without (filled

squares, E, n = 22) 72-month-long Exergaming agility exercise Maintenance program, on selected secondary outcomes, including: Parkinson’s Disease

Questionnaire- 39 [PDQ, (A)]; EuroQol five dimensions questionnaire on quality of life [EQ-5D, (C)], and Timed-Up-and-Go test [TUG, (E)]. (A,C,D) Show the observed

scores, such as baseline. (B,D,F) Show the longitudinal linear mixed effects modeling of the corresponding outcomes fitted with maximum likelihood estimation,

adjusted for the baseline and covariates.

the three times weekly M-program sustained but did not further
increase these gains at month 72 (Figure 2). A remarkable
finding was that when the E-program was stopped, its effects

on M-EDL lasted for 12 months (Figure 2), a pattern also
observable in the secondary outcomes (Figure 3). Such lasting
effects were also observed after 6 months of detraining following
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FIGURE 4 | The effects of 3 weeks of high-intensity Exergaming with (E + M, filled circles) and without (E, filled squares) subsequent maintenance Exergaming

program, or no exercise and no maintenance control (C, open circles) on L-dopa equivalent dose. Compared with C, the drug dose was lower in E + M between

months 24 and 72. Compared with E, the drug dose was lower in E + M between months 48 and 72 (all p < 0.05). The vertical bars denote ±1 SD, omitted for clarity

in the E group.

the rhythmical auditory stimuli-supported multimodal balance
training (15).

Heterogeneity of the clinical symptoms makes the clinical
evolution of PD non-linear. Without reliable markers of
symptom-progression, the prediction of disease and symptom
progression remains unknown (55, 56). In the present study,
the rate of symptom progression in C varied between the
outcomes but was linear, as higher order fits did not improve the
relationship between the symptoms and time (data not shown).
The reasons for linear symptom progression in the present study
over 6 years to deviate from a non-linear progression over 9
years (57) could be that our follow-up was 3 years shorter and
our patients had PD diagnosed 6.8 years prior to the start of the
study. Thus, the initial fluctuations in the symptoms due to drug
dosing and co-morbidities were absent (Table 1; Figures 2, 3).
In this regard, an important finding was that 70% of the large
differences in scores between E+M and C at 72 months (effect
size range: 3.21–6.52) were caused not by the symptomworsening
relative to the baseline in C but by the reductions in symptom
deterioration in E + M. The clinicians should notice that TUG
was not sensitive to mobility deterioration in our group of PwPD
(Figure 3), an observation that agrees with the minimal (∼1 s)
decline in TUG over follow-ups of 3 months and 5 years (58, 59).
Taken together, even a short-term but intensive E-program can

moderate the motor and non-motor symptoms in PwPD but
such improvements are transient. For lasting exercise-induced
neuroprotective and restorative effects to occur, PwPD need to
participate in a long-term exercise maintenance program (1–3, 8,
10, 11, 17, 18, 20, 60).

Concerning prediction of symptom progression and death,
the follow-ups of PwPD for up to 38 years identifiedmale sex, gait
disorder, absence of rest tremor and asymmetry, age at diagnosis,
disease subtype, cognitive status, and baseline motor score as
the predictors (57, 61). Our data partially agree with some of
these predictors of death, as PD years and M-EDL differed at
the baseline between those who completed the study and those
who have eventually deceased (Table 2). Because of the scarcity
of such data, these data require confirmation.

Figure 4 shows that drug dose increased in the three groups
but the increase was less in E+M starting at months 24 and
48 compared with C and E, respectively. These data partially
agree with reductions in L-Dopa equivalent after two, 28-
day multidisciplinary intensive rehabilitation treatments at 1-
year interval (32). PwPD in the present study were at a
more advanced stage of PD for a longer time and received a
much higher drug those. The present long-term exercise data
represented by E+M are in line with the speculation that
long-term physical activity, especially at a high intensity, could
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slow symptom progression, reduce drug dose (Figure 4) (32),
and ultimately reduce the risks for developing PD later in
life (20, 62, 63).

LIMITATIONS AND CONCLUSIONS

The design lacked a group completing the M-program only
without the initial E-program, making it unclear if the initial E-
program potentiated the effects of M-program. The design also
lacked a group that performed intensive, for example, cycling (42,
64) to determine the respective roles of fitness vs. sensorimotor
stimuli in the improving quality of life and slow symptom-
progression (7, 8, 10–12, 14, 58). Without a healthy age- and
gender-matched control group, we were unable to parse the
distinct effects of age and disease on the outcomes (65). C did
not receive social attention for the times when E and E+M
exercised in small groups. Because the patients exercised in small
groups, the exercise stimulus was not set to the individual levels
of disease severity (10). We conducted no separate testing “on”
and “off” medication, to allow us to more precisely determine
the effects of dopaminergic medication on mobility. As the
assessments included only behavioral outcomes, we were unable
to examine if the Exergaming agility E-and M-program induced
neuroprotection and slowed neurodegeneration, mediating the
behavioral changes (14). In addition, a narrow set of outcomes
did not allow us to examine the underlying non-dopaminergic
and cognitive mechanisms of mobility decline. We conducted
the trial in a hospital supported by dedicated staff, a costly and
complex system, prohibitive in many settings. Indeed, a home-
vs. center-based E-program can improve the mobility similarly
albeit not quality of life (66). We did not systematically examine
the adverse events during the trial but the records suggest that
the severe medical conditions unrelated to the trial caused the
15 deaths.

In conclusion, a short-term, high-intensity sensorimotor
agility exercise program improved the PD symptoms up to a year

during detraining but the subsequent 6-year-long maintenance
program was needed to further increase or sustain the initial
improvements in the symptoms, quality of life, and drug dose.
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