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Abstract
Introduction. Exercise has many benefits for people with Parkinson’s disease (PD) and has been suggested to modify PD 
progression, but robust evidence supporting this is lacking. Objective. This systematic review (PROSPERO registration: 
CRD42020169999) investigated whether exercise may have neuroplastic effects indicative of attenuating PD progression. 
Methods. Six databases were searched for randomized controlled trials (RCTs) that compared the effect of exercise 
to control (no or sham exercise) or to another form of exercise, on indicators of PD progression (eg, brain-derived 
neurotrophic factor [BDNF], brain activation, “off” Unified Parkinson’s Disease Rating Scale [UPDRS] scores). Trial 
quality was assessed using the Physiotherapy Evidence Database Scale. Random-effects meta-analyses were performed 
where at least 3 comparable trials reported the same outcome; remaining results were synthesized narratively. Results. 
Forty-nine exercise trials involving 2104 PD participants were included. Compared to control, exercise improved “off” 
UPDRS motor scores (Hedge’s g −0.39, 95% CI: −0.65 to −0.13, P = .003) and BDNF concentration (Hedge’s g 0.54, 95% 
CI: 0.10-0.98, P = .02), with low to very low certainty of evidence, respectively. Narrative synthesis for the remaining 
outcomes suggested that compared to control, exercise may have neuroplastic effects. The exercise versus exercise 
comparisons were too heterogenous to enable pooling of results. Discussion. This review provides limited evidence that 
exercise may have an attenuating effect on potential markers of PD progression. Further large RCTs are warranted to 
explore differential effects by exercise type, dose and PD stage, and should report on a core set of outcomes indicative 
of PD progression.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative condition 
characterized by progressively worsening motor and non-
motor impairments.1 Disease progression is associated with 
activity limitations, increased falls risk, reduced quality of 
life, and care-partner burden.2 Although pharmacotherapy 
can relieve PD symptoms, it does not alter disease progres-
sion.3 Exercise therapy has been identified as a safe and 
effective intervention to improve physical function for peo-
ple with PD.4 It has been suggested to possibly have a dis-
ease-modifying effect on PD, with some evidence that 
exercise can lead to neurorestoration and neuroplasticity in 
people with PD.5

Evidence from small randomized controlled trials 
(RCTs) and single group studies suggest that moderate to 
high intensity aerobic exercise or multimodal training 
including aerobic components can improve cortical inhibi-
tion,6 dopamine receptor function,7 and neurotrophic factor 
concentration,8,9 as well as reduce inflammation.9 One 
meta-analysis showed that exercise interventions increased 
plasma brain-derived neurotrophic factor (BDNF) among 
people with PD.10 Another systematic review showed 
altered functional connectivity as measured by functional 
magnetic resonance imaging (fMRI) in people with PD fol-
lowing motor training,11 though inclusion of case-control 
and non-randomized studies reduces the certainty of the 
findings.12

Although such changes may provide insights into the 
pathophysiology of PD and could reflect disease trajec-
tory,13 the disease-modifying effects of exercise remains 
unclear because there is no definitive biomarker for disease 
progression. There are, however, numerous potential indi-
cators of disease progression. Neurotrophic factors (eg, 
BDNF) are suggested to promote survival and function of 
dopaminergic neurons14,15; antioxidative factors to reduce 
cell damage and death caused by excess build-up of oxida-
tive stress factors,16 one of the postulated mechanisms for 
the development of PD17; and anti-inflammatory cytokines 
to alleviate neurodegeneration induced by chronic, systemic 
inflammation.18 Cortical inhibition is thought to limit over-
activation of the corticospinal pathway,19 the main conduit 
of commands from the motor cortex to muscles to produce 
voluntary movements. Reduced cortical inhibition (ie, over-
activation of the corticospinal pathway, common in PD19) 
may contribute to movement deficits characteristic of PD, 
such as bradykinesia and hypokinesia.1 Bradykinesia arises 
from basal ganglia dysfunction and manifests as slowed 
movements from delayed muscle activation and/or reduced 
muscular force production.20 Presynaptic inhibition and 
disynaptic reciprocal inhibition of spinal interneurons also 
modulate agonist and antagonist muscle activity,21 further 
contributing to bradykinesia. These muscle activation pat-
terns underpinning bradykinesia20 are measured using 

electromyography (EMG). In contrast, cortical synchrony, 
which enables the cortex to receive and process a stimulus 
then react efficiently, is suggested to reduce PD motor 
symptoms.22 MRI has been used to explore brain structure 
and connectivity within or across networks.13 As PD results 
in depletion of dopaminergic neurons in the striatum, 
changes in the putamen of the basal ganglia results in 
changes in other brain networks, such as the motor corti-
ces.23 There are also measures of dopaminergic function.1 
Changes in these various outcome measures toward levels 
seen in healthy people would indicate potential disease 
modification.

Assessing the effect of exercise on the Unified 
Parkinson’s Disease Rating Scale (UPDRS)24 or the 
Movement Disorder Society-sponsored version of the 
UPDRS (MDS-UPDRS)25 scores when “off” medication 
may also provide insights into underlying changes. Most 
studies examining the effects of exercise on various motor 
and non-motor outcomes measured using MDS/UPDRS 
scores have done so while “on” medication. This makes it 
unclear whether the improvements in MDS/UPDRS scores 
were due to neurochemical changes, improved motor per-
formance due to dopaminergic medication or exercise train-
ing, or interactions between any or all of these factors. 
Measuring MDS/UPDRS scores “off” medication reveals 
unmasked PD symptoms, which may more closely reflect 
disease severity compared to “on” medication scores which 
is influenced by medication effectiveness. A recent meta-
analysis found that long-term physiotherapy (ie, ≥6 months) 
led to improvements in “off” UPDRS scores compared to 
no intervention or different types of exercise.26 However, 
that meta-analysis pooled studies comparing different forms 
of exercise together with studies comparing exercise versus 
no intervention,26 making it difficult to interpret whether 
exercise truly modifies disease severity in people with PD. 
Moreover, by only including trials of exercise interventions 
≥6 months duration,26 the review may have overlooked 
other relevant trials.

To date, no systematic review has been done to summa-
rize the overall effects of exercise on disease progression 
outcomes by synthesizing results from neurochemical, neu-
roimaging, neurophysiological, and clinical outcomes. 
Previous RCTs6,8 and systematic reviews10,11 that suggested 
a disease modifying effect of exercise in PD have reported 
a variety of exercise types and dosages. It is therefore 
unclear whether exercise in general or only specific types of 
exercise may have potential disease modifying effects, or 
whether any disease modifying effects of exercise are dose 
dependent. Additionally, some RCTs have suggested that 
potential disease modifying effects of exercise are most 
noticeable in early stage PD,7,27,28 but no study has analyzed 
whether effects vary by disease severity. Therefore, the aim 
of this systematic review was to synthesize findings from 
RCTs investigating the effectiveness of exercise compared 
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to no, sham, or other forms of exercise on potential indica-
tors of disease progression in people with PD. The specific 
research questions were, in people with PD:

1.	 Does exercise attenuate measures indicative of PD 
progression?

2.	 Do any effects of exercise on measures indicative of 
PD progression vary with the type or dose of 
exercise?

3.	 Do any effects of exercise on measures indicative of 
PD progression vary with participants’ disease 
severity?

Methods

This systematic review with meta-analysis (PROSPERO 
registration: CRD42020169999) was conducted according 
to the updated Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) guidelines.29

Identification and Selection of Trials

Comprehensive searches of the Medline, EMBASE, 
CINAHL, AMED, Cochrane Central, Scopus, and 
Physiotherapy Evidence Database (PEDro) databases were 
conducted to identify RCTs published between 1 January 
1995 and 30 September 2022. The search was restricted to 
RCTs published from 1995 onward as higher quality exer-
cise evidence has been generated since then. Search terms 
included those related to the population (PD), the interven-
tion and comparator (different types of exercise or physical 
therapy), and the outcome (related to disease progression 
and neuroprotection). Terms within each category were 
combined with OR, and then categories were combined 
with AND (see Supplemental File 1 for the full search 
strategies).

For the population, trials including adults with idiopathic 
PD were included. If the trial included a mixed sample of 
participants, it was included if separate data were available 
for participants with idiopathic PD. The intervention of 
interest was exercise, defined as planned and structured 
physical activity with the purpose of improving or main-
taining 1 or more components of physical fitness. Trials 
were included if the exercise intervention was of at least 
4 weeks’ duration and a minimum of 60 minutes/week, as 
this is the exercise dosage likely to produce sustained physi-
ological change.30 Interventions in both supervised and 
non-supervised settings were included. Trials involving 
multidisciplinary or other allied health interventions in 
which exercise was <50% of the total intervention, or 
where both the intervention and comparator groups received 
the same type and dosage of exercise, were excluded. Trials 
were included if the comparator group was a control group 
that received no intervention, sham exercise or usual care, 

or another exercise group. Outcomes of interest were poten-
tial indicators of disease progression in people with PD 
from baseline to post-test and/or follow-up. These included 
clinical (MDS/UPDRS scores), neurochemical (eg, BDNF, 
tumor necrosis factor α), neuroimaging (eg, dopamine 
receptor binding, brain structure, functional activation, 
functional connectivity), and neurophysiological (eg, corti-
cal inhibition, muscle activation patterns underlying brady-
kinesia) outcomes. Clinical outcomes were included if trials 
assessed MDS/UPDRS scores “off” medication. Due to the 
anticipated small number of studies reporting neurochemi-
cal, neuroimaging, or neurophysiological outcomes, trials 
reporting these outcomes were included regardless of medi-
cation status.

Title and abstract screening, followed by full text screen-
ing, was completed by pairs of reviewers using Covidence 
software (Veritas Health Innovation, Melbourne, VIC, 
Australia). Any conflicts were resolved by consensus with a 
separate reviewer.

Data Extraction

Data for relevant trials were extracted independently by 
pairs of reviewers, with discrepancies resolved by consen-
sus with a third reviewer. A record was made of the follow-
ing participant characteristics for each trial: number of 
participants, gender, age, disease duration, and disease 
severity as per the Hoehn and Yahr or MDS/UPDRS scales. 
Data extracted for each intervention and control group 
included exercise type, intensity, and dosage (ie, duration of 
each session in minutes, number of sessions per week, total 
number of weeks). Data about relevant outcome measures 
used, their measurement timepoints, and whether they were 
measured “on” or “off” medication were also extracted. 
Outcome data pre- and post-intervention were extracted as 
mean and SD where available, otherwise these were calcu-
lated where possible using standard methods.31 If only 
change scores were reported post-intervention then these 
data were used. If data were presented in a graph, they were 
extracted using WebPlotDigitizer software.32

Authors were contacted if data were missing or when 
clarification about data was required. Data were provided 
by 6 trial authors33-38; if no response was received missing 
data were reported as such.

Assessment of Trial Characteristics, Quality, and 
Certainty of the Evidence

The quality of included trials was assessed using the PEDro 
scale.39 A rating out of 10 is given to each trial, with scores 
of 9 to 10 considered excellent methodologic quality, 6 to 8 
high, 4 to 5 moderate, and 0 to 3 poor quality.39 Scores were 
obtained from the PEDro database (https://pedro.org.au/). 
No trials were excluded from the analysis based on PEDro 

https://pedro.org.au/
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ratings. The Grading of Recommendations, Assessment, 
Development and Evaluations (GRADE) criteria were also 
used to provide clarity on the certainty of the findings.40

Data Synthesis and Analyses

Separate analyses were conducted for trials comparing 
exercise with control (ie, no exercise or sham exercise) and 
trials comparing 2 exercise interventions. Random-effects 
meta-analyses were performed for outcomes that had suffi-
cient data (ie, reported in ≥3 trials) and where the interven-
tions were considered sufficiently similar to enable pooling 
of data. Pooled results were reported as standardized mean 
difference using Hedges’ g with 95% confidence intervals 
(CI). Heterogeneity was evaluated using the I2 and Q statis-
tics. We planned to report prediction intervals (ie, the true 
effect size in 95% of comparable studies) where at least 10 
trials were included in a meta-analysis.31

Subgroup analysis based on exercise types for BDNF 
and “off” MDS/UPDRS outcomes were conducted; how-
ever, there were insufficient studies for such analysis for 
other outcomes. Planned subgroup analyses based on exer-
cise dosage and PD severity were unable to be performed, 
the former owing to exercise dosages essentially differing 
by exercise type, making this analysis redundant; the latter 

owing to studies including a mix of participants across mild 
to moderate disease severities.

Meta-analyses were conducted using Comprehensive 
Meta-Analysis (CMA) software (v3, Biostat, Englewood, 
NJ, USA).

Results

Trial Selection, Quality, and Characteristics of 
Included Trials

The searches identified 19 406 records. After removing 
duplicates, then screening titles and abstracts, 345 full text 
records were retrieved. Of these, 49 records met the inclu-
sion criteria (Figure 1). As 7 trials were reported across 17 
records, and 1 record reported 2 trials, a total of 40 trials 
were included in this review. The mean PEDro score for the 
included trials was 5.6 (range 2-8), with 23 trials (47%) of 
high quality,8,27,28,37,41-59 25 (51%) of moderate qual-
ity,6,7,33-36,38,60-77 and 1 (2%) of low quality78 (Figure 2, 
Supplemental File 2).

This review included 40 trials with 2104 PD participants 
(range 47 to 13028 across studies). Participants had mild-
moderate PD (mean HY score 1.6 when “on” and 2.2 when 
“off,” range 1-4 within a trial) and a mean PD duration of 

Figure 1.  Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 flow diagram for new systematic 
reviews which included searches of databases, registers, and other sources.



332	 Neurorehabilitation and Neural Repair 37(5) 

6.1 years (range 0.527 to 12.16 across trials). Twenty trials 
(29 pairwise comparisons) involving 1225 participants 
compared exercise with a control group (ie, no intervention 
or sham exercise).6-8,27,28,35-38,43,46-48,53,56,60,63,64,66,68,71,73,74,77 
Twenty-four trials (31 comparisons) involving 1044 partici-
pants compared 2 different exercise groups.6,27,33,34,41,42,44,45,49- 

52,54,55,57-59,61,62,65,67,69-72,75-78

Exercise was categorized according to the primary 
nature of the intervention: aerobic,6,7,27,28,33,42,48,52,53,55,58,63,65,67, 

69,70,72,77,78 strength,35,38,44,62,71 balance,43,56,59,60,73,74,77 dance, 
46,66 aquatic,51,76 or multimodal,6,8,34,36-38,41,42,44,45,47,49,50,54,55,57, 

59,61,62,64,68,71,72,75 the latter including a combination of aero-
bic, strength, balance, flexibility, and/or functional exer-
cises where no single component was ≥50% of the entire 
intervention. The dosage of exercise varied among the 60 
pairwise comparisons: session duration ranged from 
3055,63,72 to 16541 minutes, frequency ranged from 235,43-46,51, 

56,59,60,62-64,66,71,76,77 to 158 times per week and total program 
duration ranged from 48,57,58,76 to 10444,62,66 weeks, with the 
majority of trials (n = 38, 78%) reporting intervention dura-
tions no longer than 12 weeks. Participants completed 
between 876 and 28655 exercise sessions throughout the 
intervention period.

Included trials reported diverse outcomes indicative of 
PD progression. Fourteen trials reported clinical out-
comes, that is, “off” medication MDS/UPDRS sco
res27,28,36,37,44-47,51,52,55,61,66,67,74,76; all trials reported motor 
scores except 176 which reported total scores. Thirteen 

trials reported neurochemical outcomes, that is, trophic 
factors,8,34,38,49,56,63,72,73,77 oxidative stress,35,43,49,63,64 and/or 
inflammatory markers,34,38,49,72,73,77 with most not report-
ing medication status when outcomes were taken. Ten tri-
als reported neuroimaging outcomes, that is, brain 
functional activation,53,54,56,69,70,75 connectivity,48,57,58,65,68,78 
structure,48,60 or volume48,60 measured through fMRI or 
functional near-infrared spectroscopy in 1 trial,69 mostly 
“on” medication54,56-58,60,65,69,70,75; and dopamine receptor 
binding7,53 measured “off” medication through positron 
emitted tomography. Neuroimaging trials examined dif-
ferent brain networks and used different imaging tech-
niques and analysis methods. Nine trials reported 
neurophysiological outcomes, that is, cortical inhibi-
tion6,33,59 and cortical synchrony41,42 measured “on” medi-
cation, and bradykinesia measured through EMG50,62,67,71 
“off” medication except for 1 trial.71 Outcomes were 
assessed at baseline and the end of the intervention period 
in all trials. Nine trials (18%) reported follow-up outcomes 
following a period of no exercise (range 2.5-
96 weeks).33,35,47,51,52,61,67,76,78 Owing to the heterogeneity 
of comparisons, we did not analyse effects at follow-up.

Effects of Exercise Compared to Control

Data were pooled from 6/6 trials (7 pairwise compari-
sons)27,28,37,46,47,74 that reported “off” MDS/UPDRS motor 

Figure 2.  Quality of included trials based on the Physiotherapy Evidence Database (PEDro) criteria and scores.
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scores, and from 4/5 trials (5 comparisons)8,38,56,73 that 
reported BDNF. The remaining outcomes were synthe-
sized narratively because data were unable to be pooled 
due to insufficient comparable interventions or outcomes 
(Table 1).

There was low certainty evidence (Supplemental File 
3A) of benefit of exercise on improving “off” MDS/UPDRS 
motor scores compared to control (Hedges’ g −0.39, 95% 
CI: −0.65 to −0.13, P = .003; I2 42%; 469 participants from 
7 comparisons; Figure 3A). There was very low certainty 
evidence (Supplemental File 3B) of benefit of exercise on 
improving BDNF levels compared to control (Hedges’ g 
0.54, 95% CI: 0.10-0.98, P = .02; I2 50%; 192 participants 
from 5 comparisons; Figure 4A). There was no evidence of 
subgroup differences according to type of exercise for either 
“off” MDS/UPDRS scores (Q = 3.66, df = 3, P = .30; 
Figure 3B) or BDNF (Q = 0.20, df = 2, P = .90; Figure 4B), 
however there were insufficient trials across different types 

of exercise to find a subgroup difference if one exists. 
Although pooled results from studies of aerobic exercise 
suggest a positive effect on reducing “off” MDS/UPDRS 
(Hedges’ g −0.28, 95% CI: −0.54 to −0.03, P = .03; 258 par-
ticipants from 3 comparisons), this result needs to be inter-
preted with caution given the limited data available.

Overall, there was no evidence of effects across other 
neurochemical outcomes (ie, inflammatory cytokines38,73,77 
or oxidative stress35,43,63). Individual trials reported that 
exercise improved very few anti-inflammatory73,77 or pro-
inflammatory38 cytokines. Findings for glutathione were 
equivocal.43,63,64

For neuroimaging outcomes, 4 trials (5 comparisons) 
reported fMRI outcomes and examined aerobic,48,53 bal-
ance,56,60 and multimodal68 exercise. Findings from these 
trials suggest that exercise generally had a neuroplastic 
effect, by improving activation53 and network connectiv-
ity60 toward normal function or by improving the efficiency 

Figure 3.  Forest plots of the effects of exercise versus control on Movement Disorders Society/Unified Parkinson’s Disease Rating 
Scale (MDS/UPDRS) “off” motor scores. Panel (A) shows the overall results and (B) the subgroup analysis.
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of compensatory brain networks.48,68 These effects were 
generally associated with improved behavioral performance 
(eg, mobility). In contrast, there was no evidence that exer-
cise altered gray matter volume,48,60 although 1 trial found 
that exercise reduced global brain volume loss48 in PD. 
Additionally, 2 trials (2 comparisons) found increased 
dopamine receptor binding potential7 and receptor avail-
ability in the posterior putamen53 following moderate to 
high intensity aerobic exercise.

For neurophysiological outcomes, 1 trial (2 compari-
sons)6 found that aerobic exercise increased cortical inhi-
bition, but this effect was not apparent following low 
intensity multimodal exercise. In another trial (2 com-
parisons),71 strength and multimodal exercise were found 
to improve bradykinesia by increasing presynaptic inhi-
bition, but only multimodal exercise improved disynap-
tic reciprocal inhibition to better improve task 
performance.

Effects of Exercise Compared to Another Type 
of Exercise

In trials reporting pairwise comparisons of different exer-
cises, the groups differed based on exercise type, exercise 

intensity and/or cognitive engagement. Within each out-
come category, trials were too heterogenous to enable pool-
ing of results in meta-analyses (Table 2).

Non-pooled forest plots of the effects of different types 
of exercise did not show any evidence that 1 type of exer-
cise was superior to another for decreasing “off” MDS/
UPDRS scores (9 pairwise comparisons from 9 tri-
als,27,44,45,51,52,55,61,67,76 Supplemental File 4A). Similarly, 
there was no evidence favoring 1 type of exercise over 
another for changing the concentration of trophic (BDNF 
levels: 3 comparisons from 3 trials,34,49,72 Supplemental File 
4B) or inflammatory factors (interleukin-6 or tumor necro-
sis factor-α: 3 comparisons each from 3 trials,34,49,77 
Supplemental File 4C and 4D, respectively).

For neuroimaging outcomes, 5 trials (7 comparisons) 
investigated the effects of different types of exercise on 
brain activation54,69,70,75 and connectivity57,58,65,78 and found 
that effects of exercise were localized to specific brain 
regions (eg, the medial temporal gyrus54,70 or precuneus57,58), 
depending on the type of exercise investigated and the net-
works underlying the behaviors of interest to the investiga-
tors (eg, freezing of gait54). These trials generally found that 
the exercise involving greater cognitive engagement was 
associated with greater improvements.57,58,65,69,70,78

Figure 4.  Forest plots of the effects of exercise versus control on brain-derived neurotrophic factor (BDNF) concentration. Panel 
(A) shows the overall results and (B) the subgroup analysis.
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Eight trials reported neurophysiological outcomes. Two 
trials (4 comparisons) measuring cortical synchrony gener-
ally found that the exercise involving greater cognitive 
engagement41 or higher training intensity42 resulted in greater 
improvements in cortical synchrony,41,42 with no difference 
between exercises of similarly intensity.42 Similarly, across 3 
trials (3 comparisons) measuring cortical inhibition, exercise 
involving greater cognitive engagement33,59 or higher train-
ing intensity6 showed greater cortical inhibition post training. 
Four trials50,62,67,71 (4 comparisons) investigated the effect of 
different forms of exercise on muscle activation patterns 
underlying bradykinesia and showed higher intensity exer-
cise50,62 or multimodal exercise combining balance and resis-
tance training71 reduced bradykinesia, primarily through 
improvements in agonist muscle force production.50,62,67 
Improvements in muscle coordination50,71 also contributed to 
reduced bradykinesia, though 1 trial found no differences in 
muscle coordination between exercise groups.67

Discussion

This systematic review provides evidence that exercise may 
have an attenuating effect on disease progression in PD. 
The meta-analyses showed medium or small effects in favor 
of exercise on reducing “off” MDS/UPDRS motor scores 
and improving BDNF levels, respectively, compared to 
control. Nonetheless, the certainty of this evidence was low 
to very low and needs to be interpreted with caution. 
Findings from the narrative synthesis indicated that com-
pared to control, exercise normalized brain activation and 
functional connectivity and/or improved the efficiency of 
compensatory brain networks, improved dopamine receptor 
binding, and reduced bradykinesia. However, we did not 
find evidence that exercise reduced inflammatory or oxida-
tive stress markers, or improved brain volume. Overall, no 
one type of exercise was found to be consistently superior 
to another in attenuating PD progression across the various 
outcome measures investigated, with no evidence of sub-
group differences based on type of exercise. However, there 
were limited data available from each subgroup. Exercise 
versus exercise comparisons were too heterogenous to 
enable pooling of results.

The effects of exercise on reducing “off” motor severity 
scores and bradykinesia may indicate attenuation of PD 
progression but we cannot discount that such improvements 
may partially reflect improved motor performance. 
Nonetheless, outcomes taken during “off” medication are 
more likely to reflect underlying symptom severity that is 
otherwise masked by PD medications. Effects of exercise 
on trophic and oxidative stress factors, and dopamine recep-
tor binding, are of particular interest as alterations to the 
concentrations of trophic13,14 and oxidative stress17 factors 
are thought to contribute to the development of PD, while 
reduced dopamine receptor binding is a hallmark of PD.81 

Although the moderate increase in BDNF levels following 
exercise found in this study is in line with previous meta-
analyses in people with PD,10,82,83 the very low certainty of 
evidence means that this effect is uncertain. Our rigorous 
approach to meta-analysis extends previous findings, as 
prior reviews either pooled trials of PD with other neurode-
generative diseases82 which limits the applicability of find-
ings to people with PD, or imputed change scores10 which is 
likely to underestimate baseline variability and therefore 
exaggerate findings.31 In contrast to the positive effects of 
exercise on BDNF levels, the results of this review did not 
show an effect of exercise in altering the concentration of 
oxidative stress factors or inflammatory factors.

Our finding that exercise may improve dopamine recep-
tor binding in people with PD7,53 is encouraging, particu-
larly for people with early stage PD who have both greater 
preservation of dopaminergic receptors and greater rates of 
binding.84 This improvement in dopamine receptor binding 
potential85,86 following exercise may arise in part through 
stimulation of the BDNF-tropomyosin related kinase B 
pathway.87 Although the use of new biomarkers of PD pro-
gression such as mRNA and metabolite profiling13 have 
been proposed, the only trial to date that included such tar-
gets failed to find benefits of exercise on most outcomes 
measured.77 In line with the findings of a previous system-
atic review examining the effects of motor training on MRI 
outcomes,11 our review suggested that exercise had neuro-
plastic effects on cortical function, connectivity between 
different cortical regions and connectivity between cortical 
and subcortical brain regions. Mostly, exercise appeared to 
improve compensatory pathways (eg, improved cognitive 
pathways and attentional allocation) to overcome the 
nigrostriatal deficits associated with PD1 rather than modi-
fying the disease process, particularly with more advanced 
disease. There is probably less value in examining PD atten-
uation among people with advanced disease, owing to the 
greater degeneration of brain structures with PD progres-
sion.88 Nonetheless, exercise is still beneficial for people 
with more advanced PD to maintain physical function and 
health.4

We did not find evidence of subgroup differences based 
on type of exercise, due to insufficient trials across different 
types of exercise. One exercise type that warrants further 
exploration is aerobic exercise, as a significant effect on 
improving “off” MDS/UPDRS motor scores when compared 
to control was observed. Aerobic exercise was also the exer-
cise type consistently found in neuroimaging studies to par-
tially normalize brain function in affected regions and 
networks involving links with the striatum,48,53,78 and to 
improve dopamine receptor binding potential.7,53 However, 
the limitation of the few trials and exercise modes investi-
gated therein cannot be discounted. The potentially positive 
effects of aerobic exercise from this review are consistent 
with previous findings in animal and human studies, which 
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have shown possible disease-modification of PD following 
aerobic exercise through improvements in neurochemical 
and neuroimaging outcomes.5,89 Nonetheless, the possibility 
that other types of exercise may have positive effects on 
potential indicators of PD progression cannot be discounted.

Some studies in the exercise versus exercise compari-
sons suggest that exercising at a higher intensity6,42,44,50,52,62 
or with greater cognitive engagement33,41,58,65,69,70,77 may 
provide a greater effect on potential indicators of disease 
progression, however, this effect was not consistently 
apparent.27 There is therefore not enough evidence from 
this review to provide a strong conclusion about whether 
higher exercise intensity or cognitive effort provides a 
greater effect on disease progression. Subgroup analysis of 
exercise dose (ie, the combination of exercise intensity and 
frequency) in the exercise versus control comparison may 
have provided useful information about this, however, we 
were unable to explore this as the exercise dosages in the 
included studies essentially differed by exercise type.

A strength of this review was the analysis of exercise 
versus control comparisons that allowed us to elucidate the 
direct effects of exercise. Previous systematic reviews with 
meta-analyses26,83 have combined exercise versus control 
and exercise versus exercise comparisons within the same 
meta-analysis, making it difficult to interpret the true effects 
of exercise on potential indicators of disease progression. 
Nonetheless, there were also limitations to this review. We 
were unable to perform planned subgroup analyses to deter-
mine whether there was a differential effect based on exer-
cise dose or disease severity. We recommend that future 
RCTs examine exercise dose and disease severity across a 
variety of exercise types. Moreover, future RCTs should 
include participants from only 1 disease severity stage, or 
include large samples ensuring sufficient participants in 
each disease stage and report results for each disease stage, 
to enable subgroup analysis. While we included a broad 
range of outcomes to better understand the effects of exer-
cise on attenuating PD progression, the large number of het-
erogenous outcomes examined by very few trials, many of 
which had small samples, limited our ability to conduct 
meta-analyses. Future trials should harmonize a key set of 
outcomes reflective of PD attenuation and report these out-
comes. The results of our review suggest that assessing par-
ticipants “off” medications, along with the routine inclusion 
of BDNF and/or dopamine receptor binding in addition to 
MDS/UPDRS motor scores as outcome measures, will 
enable future trials to better elucidate any benefits of exer-
cise for attenuating PD progression and conduct of larger, 
more robust meta-analyses.

In conclusion, this systematic review provided very low 
to low certainty evidence that exercise may slightly improve 
potential indicators of disease severity and possibly slow 
down disease progression in PD. Further research, specifi-
cally large RCTs using a core set of outcomes reflective of 
disease progression in people with PD, are required to 

determine differential effects based on exercise type, exer-
cise dose and disease severity.
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