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Background and Purpose: No studies have synthesized the litera-
ture regarding mechanical muscle function (ie, strength, power, rate
of force development [RFD]) in people with Parkinson disease (PD).
Here, we aimed to expand our understanding of mechanical mus-
cle function in people with PD (PwPD) by systematically reviewing
(1) the psychometric properties of isokinetic/isometric dynamome-
try in PD, (2) the literature comparing mechanical muscle function
in PwPD with healthy controls (HC), and (3) reported associations
between muscle mechanical muscle function and functional capacity
and/or disease severity.
Methods: Systematic literature search in 6 databases. Included
studies had to (1) enroll and report data on PwPD, (2) include
assessment(s) of psychometric properties (ie, validity, reliability, re-
sponsiveness) of isokinetic/isometric dynamometry in PD, and/or
(3) assess mechanical muscle function in both PwPD and HC using
isokinetic/isometric dynamometry.
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Results: A total of 40 studies were included. Aim 1 studies
(n = 2) showed high reliability for isometric dynamometry
(hip-abductor/dorsiflexor/trunk flexor-extensor/handgrip: intraclass
correlations coefficients range = 0.92-0.98). Aim 2 studies (n = 40)
showed impaired mechanical muscle function (ie, strength, power,
RFD) in PwPD compared with HC (effect sizes range = 0.52-1.89).
Aim 3 studies (n = 11) showed weak-to-strong associations between
overall and lower extremities muscle strength and functional capac-
ity and/or disease severity outcomes (ie, Unified Parkinson Disease
Rating Scale).
Discussion and Conclusions: Sparse methodological evidence sug-
gests high reliability when using dynamometry in PwPD. Muscle
strength, power, and RFD are impaired in PwPD compared with HC.
Muscle strength is associated with functional capacity and disease
severity.
Video Abstract available for more insights from the authors (see the
Video, Supplemental Digital Content 1, available at: http://links.lww.
com/JNPT/A403).
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INTRODUCTION

P arkinson disease (PD) is a chronic, progressive, and neu-
rodegenerative disorder.1 Muscle weakness is a frequent

symptom of PD2,3 thought to have critical implications in
people with PD (PwPD) as it contributes to postural in-
stability and gait difficulties.2,4 Muscle weakness has also
been identified as a secondary cause of bradykinesia,2 while
improvements in muscle strength and power can alleviate
bradykinesia.5 Furthermore, muscle weakness may lead to
falls among PwPD.6 Isokinetic dynamometry is considered
the gold standard when assessing muscle strength.7 How-
ever, since isokinetic muscle strength is reduced as the
movement speed of muscle contraction increases,8 isometric
dynamometry has been suggested as a more valid measure
of muscle strength. The inclusion of both isokinetic and iso-
metric dynamometry (including strain gauge devices and/or
custom-made dynamometers) therefore seems relevant when
assessing muscle strength. Despite the importance of muscle
strength in PwPD and the widespread use of dynamom-
etry when testing PwPD in research studies, no previous
review has evaluated the psychometric properties (ie, validity,
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reliability, and responsiveness) of muscle testing performed
using dynamometry in PwPD. This is problematic since the
psychometric properties of muscle strength testing may differ
substantially PwPD versus healthy people or other popu-
lations, due to greater day-to-day variation caused by the
multiple symptoms of PD, drug exposure, or other PD-related
aspects. Understanding the psychometric properties of this
test is essential for the interpretation of test results, high-
lighted by the presence of related systematic reviews in
other neurological disorders such as stroke9 and multiple
sclerosis.10

Another underinvestigated area is the level of muscle
strength impairment in PwPD when compared with healthy
controls (HC), with only one previous review from 201011

addressing this matter. However, the number of studies on
mechanical muscle function (MMF) has more than doubled
since then, calling for an update of the literature. Furthermore,
the review by De-la-Cuerda et al11 did not perform quanti-
tative comparative analyses (ie, PwPD vs HC), report study
eligibility criteria, or analyze separate MMF parameters (ie,
strength, rate of force development [RFD], and power). Con-
sequently, no reviews could be identified that have synthesized
the current knowledge on muscle strength across different
contraction types (ie, eccentric, isometric, and concentric),
contraction velocities (ie, fast vs slow), muscle groups (eg,
upper vs lower extremities), and muscle strength parameters
(ie, peak torque, power, and RFD) in PwPD. Such an overview
may help optimize restoration and/or preservation of muscle
strength in PwPD.

Finally, an important aspect of MMF is whether mus-
cle characteristics are associated with physical function and/or
disease severity. Such analyses could advance our understand-
ing of the functional transfer from MMF to functional capacity
in PD and potentially guide the design of effective (exercise)
interventions. In addition, central PD symptoms are benefi-
cially affected by progressive resistance training,12 which may
mean that MMF is associated with measures of PD progres-
sion, which could further reinforce this mode of exercise as an
important component of PD rehabilitation. However, no re-
views have so far evaluated the associations between MMF
and functional capacity and/or disease severity in PD.

Collectively, the aims of the present review were to
systematically review (1) the psychometric properties of
isokinetic/isometric dynamometry (including strain gauge
and/or custom-made dynamometers) in PwPD, (2) the lit-
erature comparing MMF in PwPD with HC, and (3) the
associations between muscle strength, muscle power or RFD,
and functional capacity or disease severity in PwPD.

METHODS
The present study was conducted in accordance with

the PRISMA guidelines for reporting systematic reviews
and meta-analyses of studies that evaluate health care
interventions.13

Search Strategy
Six databases (PubMed, EMBASE, Cochrane Library,

PEDro, SPORTDiscus, and CINAHL) were searched for rele-
vant publications. In addition, the reference lists of identified

articles were screened for potential publications that were not
captured by the search. The search was performed on Octo-
ber 14, 2020. Details on specific and combined search terms
in the search string are presented in the Supplemental Digital
Content 2 Table 1a, available at: http://links.lww.com/JNPT/
A404.

Eligibility Criteria
All included studies had to be peer-reviewed, be in En-

glish, Danish, Swedish, or Norwegian and had to enroll people
with idiopathic PD according to established criteria.14,15 Case
reports were excluded. Additional inclusion criteria were
specific for each study aim and should include the following:

Aim 1: Include assessment of psychometric proper-
ties (ie, validity, reliability, and/or responsiveness) related to
isokinetic/isometric dynamometry in PwPD.

Aim 2: Include isokinetic/isometric dynamometry (in-
cluding strain gauge and/or custom-made dynamometers)
assessment of muscle strength (maximum force [Fmax]), mus-
cle power, or RFD in both PwPD and HC reported as body
weight–adjusted or absolute values from upper and/or lower
extremities (studies applying manual muscle testing, hand-
held dynamometry, or one-repetition maximum testing were
excluded).

Aim 3: Report associations between muscle strength
and functional capacity/disease severity in PwPD.

Quality Assessment
The quality and risk of bias in included studies were

assessed by 2 reviewers using the Quality Assessment Tool
for observational cohort and cross-sectional studies (National
Institutes of Health, Bethesda, Maryland). A rating scale of
yes = 1, no = 0, and not reported = 0 was applied for the
14 questions of the checklist, and the final study quality was
rated as good, fair, or poor, based on individual scores and the
severity of the risk of bias. The quality assessment rate for
each study is reported in the Supplemental Digital Content 2
Table 1b, available at: http://links.lww.com/JNPT/A404.

Data Extraction and Analysis
Search results were exported to Covidence systematic

review software (Veritas Health Innovation, Melbourne, Aus-
tralia) in which duplicates were removed. Following initial
screening of titles and abstracts of all identified studies,
full-text articles were retrieved, and finally data were ex-
tracted from eligible studies (Figure 1). These procedures
were performed separately by 2 authors. Any discrepancies
were resolved by consensus, in some cases after consulting
a third author. Extracted data categories are similar to those
by Jørgensen et al10 including general study information (au-
thor(s), publication year), study characteristics (sample size,
age, gender), PD duration and severity (The Movement Dis-
order Society-Sponsored Revision of the Unified Parkinson’s
Disease Rating Scale [MDS-UPDRS], UPDRS, Hoehn and
Yahr [H&Y] stage), medication status (“ON”/“OFF”), test
methodology (limb tested, contraction type, joint, movement)
and study outcome(s) (measures of Fmax, RFD, and Power). Of
note, since the reviewed articles cover a wide range of years,
both the older UPDRS16 and the newer MDS-UPDRS17 were
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Figure 1. Flowchart. PRISMA flowchart of search strategy and study selection. The included studies could serve multiple
objectives that explain the difference between 40 studies included in qualitative synthesis and 54 studies included in aims 1, 2,
and 3 all together.a For aim 1, 2 of 40 studies were used. For aim 2, all 40 studies were used, a total of 37 for analyses of muscle
strength and 13 studies for analysis of RFD and power. For aim 3, 11 studies were used for analyses of associations. HC indicates
healthy controls; 1 RM, one-repetition maximum; PD, Parkinson disease; PwPD, people with Parkinson disease; RFD, rate of
force development. This figure is available in color online (www.jnpt.org).

extracted, and though there are shortcomings of the original
UPDRS,18 both are regarded as measures of disease severity.
The following extractions and data analyses were unique for
the different aims.

Aim 1: Psychometric Properties
The definition of the psychometric properties of isoki-

netic/isometric dynamometry testing was similar to that
applied by Jørgensen et al10 (ie, evaluated with respect
to validity, reliability, and responsiveness according to the
COSMIN taxonomy19). For further specification of valid-
ity, reliability and responsiveness, see the study by Mokkink
et al.19

Aim 2: Comparison of MMF in PwPD Versus HC
Absolute values of muscle strength (N or Nm), RFD

(N/s or Nm/s), or muscle power (W) were normalized to body
mass reported by the respective studies. If body mass was not
reported, absolute values were reported. Mechanical muscle
function (ie, isometric strength, dynamic strength, explosive
strength [RFD], and muscle power) of PwPD was expressed
as a percentage of what was observed in HC.

Aim 3: Associations Between Muscle Strength and
Functional Capacity and/or Disease Severity

Included studies were reviewed for associations be-
tween muscle strength and functional capacity (ie, balance,
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gait ability, chair-rise time, and Timed Up and Go [TUG]
performance) and/or disease severity (ie, MDS-UPDRS
scores). Of note, both total score and subscores of the
MDS-UPDRS were extracted to investigate potential associ-
ations covering both nonmotor and motor symptoms. Both
simple linear regression/correlations and multiple regression
analyses were extracted. Associations reported as Pearson cor-
relation coefficients (R values)/Spearman’s rank correlation
coefficients (Rs) were converted to R2 values when summa-
rizing findings. The analysis of average association patterns
across studies was performed on the basis of coefficients
obtained in simple linear regression.

Statistical Analysis
Recollecting that Fmax, RFD, and power can be derived

and expressed in several different ways, all reported measures
were included and summarized to represent 1 value across
lower extremity, trunk, or upper extremity, respectively, from
each study. Specifically, if studies reported data on more than
1 muscle group or action (such as extension and flexion)
across lower extremity, trunk, or upper extremity, data were
summarized (average of reported values) to represent 1 value,
respectively, from each study. In addition to the qualitative
analysis (summary of identified studies and data), quantitative
“PwPD versus HC” analyses were performed by calculating
sample-size weighted average differences across lower/upper
extremity or trunk of the selected studies. Also, subanalyses
were performed between “ON”/“OFF” medication state in
PwPD and between contraction types (ISO = isometric;
CON = concentric; CONslow = 0-90°/s; CONfast ≥ 100°/s;
ECC = eccentric; ECCslow = 0-90°/s; ECCfast ≥ 100°/s).
These data are presented as mean ± 95% confidence interval
(CI). Studies that did not report on medication state were
excluded from these analyses, given the expected effect of
dopamine replacement medications on force production.
Also, between-extremity analyses were carried out using
linear mixed models, with study set as random effect and
outcome (lower/upper extremity or trunk MMF) as fixed
effect. Moreover, sample-size weighted mean effect sizes
(Hedges’ g) were calculated and illustrated in Figures 2 and
3. Effect sizes are interpreted as follows: small: 0.2 to 0.5,
moderate: 0.51 to 0.8, large: greater than 0.8.20

As with MMF, the extracted associations between
muscle strength and functional capacity or disease severity
were analyzed by calculating sample-size weighted average
differences across lower/upper extremity using the reported
association values (R2/R or Spearman’s correlation coeffi-
cient converted to R2) of the included studies. A correlation
above 0.90 was interpreted as very strong (corresponding
to R2 > 0.81), 0.70 to 0.89 as strong (corresponding to
R2 between 0.49-0.79), 0.50 to 0.69 as moderate (corre-
sponding to R2 between 0.25-0.48), 0.30 to 0.49 as weak
(corresponding to R2 between 0.09 and 0.24), and less than
0.29 as little, if any (corresponding to R2 <0.08), relation.21

All statistical analyses were conducted using STATA 16
software (StataCorp 2019; StataCorp LLC, College Sta-
tion, Texas), while graphical illustrations were created using
GraphPad Prism 7.0 (GraphPad Software, La Jolla, California;
www.graphpad.com). WebPlotDigitizer software version 4.4

(https://automeris.io/WebPlotDigitizer) was used to extract
numerical data in studies in which only graphical plots were
published.

RESULTS

Eligible Studies
The search yielded a total of 1652 hits, and 1045 hits

after removal of duplicates (Figure 1). After initial screen-
ing, 188 articles remained for full-text assessment. Ultimately,
40 studies fulfilled the inclusion criteria and were subdivided
into aims 1 (n = 2), 2 (n = 40), and 3 (n = 11), respectively.
Two studies22,23 reported relevant outcomes for both aim 1
and aim 2, while 11 studies6,24-34 reported relevant outcomes
for both aim 2 and aim 3. The quality assessment of indi-
vidual studies is reported in Supplemental Digital Content 2,
Table 1b, available at: http://links.lww.com/JNPT/A404.

Aim 1: Psychometric Properties
Two studies22,23 assessed intersession reliability (ie,

variation between trials performed on separate days) of iso-
metric dynamometry in PwPD. Study sample sizes ranged
from 15 to 43 PwPD, summing to a total of 58 PwPD.
More males than females were enrolled (mean gender ratio
[men:women] of 3.8:1). Mean age was 69.5 years. A PD du-
ration of 7.2 years was reported in one of the studies.23 Both
studies included PwPD with H&Y stages of 3 and less. One
study23 conducted the assessments in the “ON” medication
state while 1 study22 did not report on this.

Purser et al22 reported high reliability when performing
isometric contractions during hip abduction and ankle dor-
siflexion (ie, intraclass correlation coefficient = 0.92-0.93).
Pang and Mak23 showed excellent reliability of isometric con-
tractions during trunk flexion and extension (ie, intraclass
correlation coefficient model 3.1 = 0.97-0.98) as well as
handgrip strength of the dominant side (ie, intraclass cor-
relation coefficient = 0.97).23 None of the included studies
evaluated validity or responsiveness of isometric dynamom-
etry and no studies evaluated the psychometric properties
of RFD or muscle power. Additional study details are pre-
sented in Supplemental Digital Content 2 Table 1c, available
at: http://links.lww.com/JNPT/A404.

Aim 2: Comparison of Mechanical Muscle Function
in PwPD Versus HC

Forty studies6,7,22-59 assessed MMF in PwPD ver-
sus HC (study characteristics are available in Supplemental
Digital Content 2 Table 1d, available at: http://links.lww.
com/JNPT/A404). Muscle strength was assessed in 37
studies6,7,22-37,39-43,45-47,49-59 (see Table, Supplemental Digi-
tal Content 3, available at: http://links.lww.com/JNPT/A406)
while 12 studies reported RFD25,26,29(p),31,38,43,44,46,50,54,57,58

and 1 study48 reported power outcomes (Table 1). Study
sample sizes ranged from 6 to 61 PwPD and from 6
to 37 HC, summing to a total of 718 PwPD and 633
HC. All but 1 study40 reported gender distribution. More
males than females were enrolled (mean gender ratio
[men:women] of 2.4:1, and 1.5:1 for PwPD and HC, re-
spectively). Mean age was 64.2 years (64.5 and 63.9 years
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Figure 2. Mean differences from studies (n = 37) comparing lower extremity, upper extremity, and trunk muscle strength,
assessed by isokinetic/isometric dynamometry between PwPD and HC. Data are displayed across all contraction types as well as
separately for isometric (ISO), concentric (CONslow = 0-90°/s, CONfast ≥ 100°/s), and eccentric (ECCslow = 0-90°/s, ECCfast ≥
100°/s). The bold black horizontal lines represent total mean differences across all studies for each category. Statistical
significance is based on 95% confidence interval values. The difference in the total number of included studies from the table in
Supplemental Digital Content 3, available at: http://links.lww.com/JNPT/A406, and “N” presented in the Figure is due to several
studies reporting both “ON” and “OFF”-medication values. ES indicates effect size; HC, healthy controls; N, number of studies.

for PwPD and HC, respectively), and mean duration of
PD was 7.3 years. Ten studies7,22,33,35,36,38,39,43,52,56 did not
report on time since PD diagnosis. All studies but 1 in-
cluded PwPD with H&Y stages of 3 and less; 1 study34

included PwPD with H&Y stage 4. The majority of studies
conducted the intervention and assessments in the “ON”
medication state.7,23-26,28,29(p),31-33,35,36,39,40,42,44,46,49,53,56,59

However, eight studies27,30,37,41,48,50,51,57 conducted the inter-
vention and assessments in the “ON” and “OFF” medication
state, 7 studies6,38,47,52,54,55,58 in the “OFF” medication state,
while 4 studies22,34,43,45 did not report on this.

Muscle Strength
Supplemental Digital Content 3, available at: http:

//links.lww.com/JNPT/A406, shows the normalized muscle
strength in PwPD compared with HC. Some of the in-
cluded studies22,27,28,34,36,37,41,42,46,47,50,51,53-58 did not report
on body mass (absolute values are reported for these). In ad-

dition, 12 studies26,29(p),31,32,35,37,39,43,50,51,53,57 allowed only
absolute values to be determined from figures.

Muscle strength of the upper and lower extremities
as well as trunk muscle strength was analyzed to illustrate
the difference (adjusted for sample size) between PwPD and
HC (Figure 2). When muscle strength of lower extremi-
ties was divided into “ON” and “OFF” medication states, it
corresponded to 75% and 59% of muscle strength in HC, re-
spectively, with a more pronounced difference observed in the
“OFF” medication state. Similarly, muscle strength of upper
extremities showed marked differences (85% [“ON”] and 87%
[“OFF”]) in PwPD versus HC. Finally, marked differences
were observed “ON” (65%) and “OFF” (45%) medication
in trunk strength in PwPD compared with HC. Also, across
contraction types, concentric muscle strength of lower extrem-
ities showed more pronounced differences (62%-63% [“ON”]
and 55%-58% [“OFF”]) in PwPD versus HC compared with
isometric (83% [“ON”]; no data for “OFF”) and eccentric
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Figure 3. Mean differences summarized from studies (n = 13) comparing lower extremity, upper extremity, and trunk RFD or
power, assessed by isokinetic/isometric dynamometry, between PwPD and HC. The bold black horizontal lines represent total
mean difference across all studies for each category. Statistical significance is based on 95% confidence interval values. ES
indicates effect size; HC, healthy controls; N, number of studies; RFD, rate of force development.

muscle strength (75%-88% [“ON”]; no data for “OFF”) of
lower extremities in PwPD versus HC (Figure 2). The spar-
sity of data reported on isometric, concentric, and eccentric
muscle strength of upper extremities and trunk left us unable
to summarize these data.

Rate of Force Development and Power
Table 1 summarizes the 13 studies reporting RFD

(n = 12) or power (n = 1) in PwPD compared with
HC. Six studies38,46,50,54,57,58 did not report on body mass
(absolute values are reported for these). In addition, 8
studies26,29,31,38,43,44,50,58 allowed only absolute values to be
determined from figures.

Figure 3 presents mean differences for RFD and power
of the upper and lower extremities as well as trunk. Rate of
force development of the lower extremities was reported only
in the “ON” state (62% of HC), while RFD of upper ex-
tremities showed comparable deficits in the “ON” (57%) and
“OFF” (60%) state in PwPD versus HC. Finally, isokinetic
power, assessed in the “ON” medication state showed marked
deficits of trunk and lower extremity muscle power (ie, 20%-
60%) at different angular velocities (120°/s, 30°/s, and 90°/s)
in PwPD versus HC.

Aim 3: Associations Between Muscle Strength and
Functional Capacity or Disease Severity

Table 2 and Figure 4 summarize the 11
studies6,24-28,29(p),30-33 reporting associations between muscle
strength/RFD and functional capacity parameters (ie, balance,
gait ability, chair-rise time, and TUG performance) in PwPD.
Study sample sizes ranged from 10 to 59 PwPD, summing to
a total of 223 PwPD. More males than females were enrolled
(mean gender ratio [men:women] of 2.3:1). Mean age was
65 years and mean PD duration was 7.2 years. All studies
included PwPD with H&Y stages of 3 and less. The majority
of studies conducted the assessments in the “ON” medication

state.7,22-26,28,29,31,32-59 However, 2 studies27,30 conducted the
assessments in the “ON” and “OFF” medication state, and 1
study6 in the “OFF” medication state.

Two studies29,31 adjusted for body mass (multiple re-
gression), while the remaining 9 studies reported associations
using simple linear regression. The parameter most frequently
associated with muscle strength was disease severity in
terms of the different variations of the MDS-UPDRS.6,25,26,32

These 4 studies6,25,26,32 showed weak-to-strong negative as-
sociations (range R2 = −0.19 to −0.58). Other parameters
associated with muscle strength were balance performance
(assessed in 4 studies), gait ability (assessed in 2 studies),
chair-rise time (assessed in 3 studies), and TUG performance
(assessed in 1 study). Similarly, these parameters showed as-
sociations ranging from no associations to strong associations
(range R2 = 0.00 to −0.64). Only lower extremity muscle
strength associations were reported.

Figure 4 presents the mean associations (adjusted for
sample size) from studies reporting associations between mus-
cle strength/RFD and functional capacity outcomes and/or
disease severity.

When analyzed separated by medication states, lower
extremity muscle strength and functional capacity showed
associations of R2 = 0.24, 95% CI: 0.17 to 0.31 (“ON”)
versus R2 = 0.18, 95% CI: −0.020 to 0.37 (“OFF”). Further-
more, muscle strength of lower extremities and UPDRS-total
showed an association of R2 = 0.39, 95% CI: 0.11 to
0.68 (“ON”), while muscle strength of lower extremities and
UPDRS-III yielded an association of R2 = 0.40, 95% CI:
0.22 to 0.58 (“ON”) versus R2 = 0.34 (“OFF”). Finally, mus-
cle strength of lower extremities and UPDRS-II showed an
association of R2 = 0.34.

DISCUSSION
The present review provides a comprehensive overview

of MMF (muscle strength, RFD, power) in PwPD. The main
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Table 1. Results From Studies (n = 13) Comparing RFD and Power, Assessed By Isokinetic/Isometric Dynamometry,
Between PwPD and HCa

Normalized Power, RFD

Author PD (n) HC (n) Total (n)

Muscle Group(s),
Measurement,

Velocity, and Unit PwPD HC
Difference (%)
PwPD vs HC

Stelmach and
Worringham46

(1988)b,c

7 7 14 EF, RFD, N/s 77.5 222.5 35

Jordan et al57 (1992)b,d 61 24 85 HGS, RFD, N/s PD-de novo: 406.8 ± 239.77 610.2 ± 177.3 67
61 24 PD: 440.3 ± 195.3 72

Pääsuke et al31 (2002)d,e 14 12 26 KE, RFD, N•s-1/kg Left: 13.75 ± 6.1 22.30 ± 9.5 62
14 12 Right: 14.23 ± 6.6 23.04 ± 10.2 62

Pääsuke et al29 (2004)e 12 16 28 KE, RFD, N/s/kg 40.42 ± 23.26 62.63 ± 26.78 65
Noorvee et al26 (2006)d,e 12 12 24 KE, RFD, N/s/kg 12.01 ± 4.6 16.28 ± 4.5 74
Park and Stelmach38

(2007)b,e
8 8 16 EF, RFD, N/s 15% MVC: 680.27 ± 60.10 1950.11 ± 156.89 35

35% MVC: 1473.92 ± 109.22 3049.89 ± 173.34 48
55% MVC: 1814.06 ± 133.55 4160.99 ± 178.42 44

Anzak et al50 (2011)b,e 9 9 18 HGS, pRFD, Kg/s on 105.4 ± 11.5 162.6 ± 9.7 65
off 106.5 ± 15.7 65

Neely et al58 (2013)b,d,e 12 12 24 HGS, RFDi, N/s 10.4 ± 10.0 21.2 ± 16.6 49
Pradhan et al54 (2015)b 14 14 28 HGS, RFD, N/s 3.73 ± 1.52 5.0 ± 1.76 75
Lima et al48 (2016) 10 10 20 TRex, IP, 120°/s, W/kg 27.4 ± 29.8 141.0 ± 105.8 19

TRflx, IP, 120°/s, W/kg 18.7 ± 18.0 88.3 ± 39.6 21

KE, IP, 30°/s, W/kg M-affected: 36.6 ± 11.5 N-dom: 47.2 ± 12.1 78
L-affected: 39.7 ± 7.0 Dom: 48.1 ± 12.6 83

KE, IP, 90°/s, W/kg M-affected: 64.8 ± 27.4 N-dom: 102.4 ± 30.2 63
L-affected: 76.1 ± 18.4 Dom: 104.8 ± 33.8 73

KF, IP, 30°/s, W/kg M-affected: 20.2 ± 7.8 N-dom: 31.9 ± 8.4 63
L-affected: 20.9 ± 8.0 Dom: 31.9 ± 9.5 66

KF, IP, 90°/s, W/kg M-affected: 27.5 ± 14.1 N-dom: 66.4 ± 25.1 41
L-affected: 31.9 ± 17.8 Dom: 70.2 ± 29.5 45

HE, IP, 30°/s, W/kg M-affected: 24.0 ± 8.9 N-dom: 42.0 ± 13.5 57
L-affected: 22.4 ± 5.7 Dom: 41.4 ± 10.2 54

HE, IP, 90°/s, W/kg M-affected: 31.9 ± 17.7 N-dom: 73.7 ± 37.3 43
L-affected: 35.4 ± 18.8 Dom: 79.4 ± 31.3 45

HF, IP, 30°/s, W/kg M-affected: 20.2 ± 7.8 N-dom: 31.9 ± 8.4 63
L-affected: 20.9 ± 8.0 Dom: 31.9 ± 9.5 66

HF, IP, 90°/s, W/kg M-affected: 27.5 ± 14.1 N-dom: 66.4 ± 25.1 41
L-affected: 31.9 ± 17.8 Dom: 70.2 ± 29.5 45

DF, IP, 30°/s, W/kg M-affected: 7.1 ± 2.7 N-dom: 8.6 ± 3.1 83
L-affected: 8.0 ± 3.6 Dom: 9.4 ± 2.9 85

DF, IP, 90°/s, W/kg M-affected: 8.7 ± 4.0 N-dom: 10.3 ± 3.8 84
L-affected: 10.3 ± 3.7 Dom: 12.6 ± 5.1 82

PF, IP, 30°/s, W/kg M-affected: 11.5 ± 4.6 N-dom: 29.0 ± 11.1 40
L-affected: 14.8 ± 5.1 Dom: 30.4 ± 9.5 49

PF, IP, 90°/s, W/kg M-affected: 11.4 ± 8.6 N-dom: 33.2 ± 15.7 34
L-affected: 18.5 ± 11.0 Dom: 37.8 ± 19.7 49

Krumpolec et al25

(2017)d
11 11 22 Leg press, RFD, N/s/kg 0.31 ± 0.6 0.26 ± 0.5 119

Hammond et al44 (2017)e 7 6 13 KE, RFD, N/s/kg 26.96 ± 16.99 56.63 ± 13.38 48
Alota Ignacio Pereira

et al43 (2018)e
19 20 39 Leg press, RFD-50 ms,

N/s/kg
1.28 ± 0.52 15.97 ± 8.8 8

Leg press, RFD-100
ms, N/s/kg

0.68 ± 0.26 15.95 ± 10.8 4

Leg press, RFD-200
ms, N/s/kg

0.41 ± 0.14 13.23 ± 25.9 3

Abbreviations: DF, dorsal flexion; Dom, dominant; EF, elbow flexion; HC, healthy controls; HE, hip extension; HF, hip flexion; HGS, handgrip strength; IP, isokinetic power; KE,
knee extension; KF, knee flexion; L-affected, least affected side; M-affected, most affected side; MVC, muscle voluntary contraction; N-dom, nondominant; PD, Parkinson disease; PF,
plantar flexion; pRFD, peak rate of force development; PwPD, people with Parkinson disease; RFD, rate of force development; RFDi, rate of force increase; TR, trunk; TRex, trunk
extension; TRflx, trunk flexion.

aData were normalized to body mass when possible and expressed as a percentage of muscle strength in HC.
bBody mass not reported.
cSD not available.
dSD determined from SE/SEM.
eAbsolute values are determined from figures.
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Table 2. Summary of Studies (n = 11) Reporting Associations Between Isometric/Isokinetic Muscle Strength or RFD
of Lower Extremities and Objective Functional Capacity Outcomes or Disease Severity in PwPDa

Authors PD, n Variable Muscle Group Notes Medication R2/R2
s P

Pääsuke et al31 (2002) 14 Chair-rise time KE Right ON R2 = −0.41b <0.05
Chair-rise time KE Left ON R2 = −0.27b <0.05
Chair-rise time KE Right/BW ON R2 = −0.20 >0.05
Chair-rise time KE Left/BW ON R2 = −0.18 >0.05
Chair-rise time KE RFD Right ON R2 = −0.08 >0.05
Chair-rise time KE RFD Left ON R2 = −0.10 >0.05

Inkster et al30 (2003) 10 Chair-rise time HE ON R2 = −0.50b <0.05
Chair-rise time HE OFF R2 = −0.64b <0.05
Chair-rise time KE ON NR >0.05
Chair-rise time KE OFF NR >0.05

Pääsuke et al29 (2004) 12 Chair-rise time KE ON R2 = −0.40b <0.05
KE /BM ON R2 = −0.22 >0.05
KE RFD ON R2 = −0.09b >0.05

Nallegowda et al27 (2004) 30 Gait velocity Ankle, hip, trunk ON R2 = 0.14b <0.05
Ankle, hip, trunk OFF R2 = 0.31b <0.05

Dynamic balance (movement velocity) Ankle, hip, trunk ON R2 = 0.15b <0.05
Ankle, hip, trunk OFF R2 = 0.00 >0.05

Dynamic balance (reaction time) Ankle, hip, trunk ON R2 = 0.03 >0.05
Ankle, hip, trunk OFF R2 = 0.01 >0.05

Gait velocity Ankle ON R2 = 0.15b <0.05
Ankle OFF R2 = 0.16b <0.05

Static balance (ankle strategy) Ankle ON R2 = 0.13 >0.05
Ankle OFF R2 = 0.00 >0.05

Noorvee et al26 (2006) 12 UPDRS-Total KE ON R2
s = −0.58b <0.01

UPDRS-III KE ON R2
s = −0.32b <0.05

Canning et al28 (2006) 16 6MWD KE ON R2 = 0.30b 0.03
Schilling et al33 (2009) 17 TUG Leg press ON R2 = −0.46b 0.003

Postural sway Leg press ON NR >0.05
Durmus et al6 (2010) 25 UPDRS-III KF 90°/s OFF R2

s = −0.41b <0.01
UPDRS-III KE 90°/s OFF R2

s = −0.27b <0.01
UPDRS-III KF 120°/s OFF R2

s = −0.46b <0.01
UPDRS-III KE 120°/s OFF R2

s = −0.31b <0.01
UPDRS-III KF 150°/s OFF R2

s = −0.41b <0.01
UPDRS-III KE 150°/s OFF R2

s = −0.23 >0.05
UPDRS-II KF 90°/s OFF R2

s = −0.36b <0.01
UPDRS-II KE 90°/s OFF R2

s = −0.49b <0.01
UPDRS-II KF 120°/s OFF R2

s = −0.31b <0.01
UPDRS-II KE 120°/s OFF R2

s = −0.32b <0.01
UPDRS-II KF 150°/s OFF R2

s = −0.29b <0.01
UPDRS-II KE 150°/s OFF R2

s = −0.28b <0.01
Pang and Mak24 (2012) 59 Balance (OLS) Ankle PF ON R2 = 0.09b 0.022

Balance (LOS) Ankle PF ON R2 = 0.15b 0.003
Stevens-Lapsley et al32 (2012) 17 UPDRS-III KE ON R2 = −0.45b 0.003
Krumpolec et al25 (2017) 11 Balance (BBS) KE/KF/leg press ON R2 = 0.29b 0.0036

MDS-UPDRS total KE/KF/leg press ON R2 = −0.19b 0.043

Abbreviations: /, adjusted for BM, body mass; BBS, Berg balance scale; BW, body weight; DF, dorsal flexion; Dom, dominant; EF, elbow flexion; HC, healthy controls; HE, hip
extension; HGS, handgrip strength; IP, isokinetic power; KE, knee extension; KF, knee flexion; LOS, limit of stability; MDS-UPDRS, (The Movement Disorder Society-Sponsored
Revision of the)-Unified Parkinson disease rating scale; MVC, muscle voluntary contraction; N-dom, nondominant; NR, not reported; OLS, one-leg standing test; PD, Parkinson
disease; PF, plantar flexion; pRFD, peak rate of force development; PwPD, people with Parkinson disease; R, Pearson correlation coefficient; R2, coefficient of determination; R2s,
coefficient of determination based on Spearman rank correlation coefficient; RFD, rate of force development; RFDi, rate of force increase; 6MWD, 6-minute walking distance; TRex,
trunk extension; TRflx, trunk flexion; TUG, Timed Up and Go.

aStudies reporting associations as R/Rs values were subsequently converted to R2 values prior to summarizing findings on associations.
bSignificant association.

findings were that in PwPD (1) few studies have evaluated
psychometrics of dynamometry testing of maximal isomet-
ric contractions, but these studies showed high reliability
suggesting that this method is a reliable tool for assessing
muscle strength, (2) MMF was impaired when compared
with HC (medium-to-large effect sizes ranging from 0.52 to
1.89 across all contraction types and medication status), and
(3) muscle strength of the lower extremities was moder-
ately associated with physical functional capacity and UPDRS

scores (MDS-UPDRS-total, UPDRS-III, and UPDRS-II).
Moreover, the quality underlying this evidence was rated as
fair (ie, studies met 5-9 out of the 14 questions) with no
blinding of outcome assessors (except for 1 study48), no cor-
rection of potential confounders (except for 3 studies23,44,56),
no and/or short follow-up time, and only few studies24,32,33,39

providing sample size justification. These general shortcom-
ings in study design should be kept in mind when interpreting
the findings of the present study.
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Figure 4. Mean associations between lower extremity muscle strength (across all contraction types) and objective functional
capacity outcomes or disease severity in PwPD. The bold black horizontal lines represent total mean associations across all
studies for each category. Statistical significance is based on 95% confidence interval values. The difference in the total number
of included studies from Table 2 and “N” presented in the Figure is due to several studies reporting both “ON” and
“OFF”-medication values. If a study reported left- and right-side values and/or different velocities (ie, 90, 120, and 150°/s), the
mean was used. LE indicates lower extremities; N, number of studies; RFD, rate of force development; UPDRS, Unified
Parkinson’s Disease Rating Scale.

Aim 1: Psychometric Properties
Only 2 studies22,23 assessed the reliability of dy-

namometry in PwPD—in the mild to moderate stages of
PD—showing excellent test-retest reliability,60 while no stud-
ies assessed validity and responsiveness. None of the studies
reported on familiarization thus neglecting the potential for
learning effects.9 Similarly, Jørgensen et al10 reviewed the
psychometric properties of isokinetic dynamometer testing
in people with multiple sclerosis, with 4 studies reporting
high intraclass and intersession reliability. Thus, future stud-
ies on all psychometric properties of isokinetic/isometric
dynamometry in PwPD in all stages of the disease, and
other neurodegenerative disorders, are therefore highly war-
ranted as the method is widely used and insights into
these properties are essential for interpretation of study
results.

Aim 2: Comparison of Mechanical Muscle
Function in PwPD Versus HC

A consistent finding of the present review was that
MMF was impaired—across muscle groups, contraction ve-
locities and modes, and medication state—in PwPD when

compared with HC. However, a trend toward a larger deficit
in lower extremity and trunk muscle strength was observed
when compared with upper extremities (Figure 2). This no-
tion is supported by animal study findings showing greater
proximal versus distal motor impairments in PD models.30,42

Moreover, upper limb muscles are activated more often than
lower limb muscles during everyday activities in humans, po-
tentially leading to less inactivity-related decline in physical
function.61 As expected, the largest deficits in mean lower
extremity and trunk muscle strength were observed in the
“OFF” medication state, thus complying with previous results
showing decreased isometric strength of the knee extensors
(7%) and flexors (11%) in the “OFF” versus “ON” medication
state.62 Moreover, irrespective of “ON” and “OFF” medi-
cation state, contraction type seemed of importance, as we
observed greater deficits in lower extremity concentric muscle
strength (at slow-to-fast contraction velocities) than in lower
extremity isometric as well as eccentric muscle strength (at
slow-to-fast contraction velocities). Interestingly, the decrease
in knee extension strength in the “OFF” medication state was
caused by reduced activation of the agonist muscle, rather than
any change in antagonist coactivation, and these changes were
associated with reduced locomotory performance.62 The latter
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may be especially important for long-term (ie, >5 years)
users of dopaminergic medication experiencing reduced sen-
sitivity and fluctuations in motor disability and drug-induced
dyskinesias,62 as resistance training may hold the potential to
defer or reduce drug use by maintaining MMF in the absence
of medication.

Nine studies24,35,37,40,46,49,51,53,58 reported MMF out-
comes for the most affected body parts, while only 1 study48

reported values of both the most and least affected limbs, mak-
ing the amount of data too limited for separate analyses of this
parameter. Previous studies, however, have suggested torque
deficits between the most and least affected side of the lower
extremities in early PD8 or only at a faster speed.63

At a mechanistic level, central and peripheral mecha-
nisms may contribute to impaired MMF in PwPD. A decrease
in muscle activation and altered motor unit behavior have been
demonstrated.64 Also, peripheral morphological mechanism
seems involved, including potential hypertrophy of type I mus-
cle fibers and atrophy of type II muscle fibers.65,66 In addition,
Chiang et al67 found decreased muscle quality (ie, higher fat
infiltration), which correlated with increased disease sever-
ity and frailty. However, these morphological changes may be
caused by physical inactivity and/or reduced mobility rather
than by the disease per se. A recent study by Martignon et al68

investigated the role of physical activity against the neuro-
muscular deterioration in PD and found no difference between
physically active PwPD and HC in lower limb muscle volun-
tary contraction (142 ± 85 vs 142 ± 47 Nm). This interesting
finding further supports the possible effectiveness of exercise
in PwPD potentially counterbalancing neuromuscular deteri-
oration despite PD pathology.68 Moreover, physical inactivity
may thus be an important confounder when examining MMF
in PwPD69 and may lead to exacerbated symptomatology in
these persons.

Other factors such as the time since diagnosis and sex
differences may influence MMF in PwPD. In this review,
studies included PwPD with an average time since diagnosis
between 1.2 and 15.6 years (10 studies7,22,33,35,36,38,39,43,52,56

did not report on this). However, studies that included newly
diagnosed PwPD with a short time since diagnosis27,30,41,48,57

still showed relatively large deficits when compared with HC.
This supports the general view that time since diagnosis is a
rough measure that often says little about actual disease on-
set (which potentially occurred several years earlier). Based
on this, deficits in MMF may already exist at the early stages
of the disease suggesting early interventions to be highly im-
portant in PD. Moreover, increasing experimental and clinical
evidence supports the notion that PD differs between women
and men as they experience the disease differently and dif-
ferent mechanisms seem to be involved in the pathogenesis
of the disease.70 Although only 2 of the identified studies re-
ported on MMF sex differences, 1 reported greater numerical
deficits in isometric, concentric, and eccentric dorsal flexion
muscle strength of men compared with women,36 whereas an-
other reported greater deficits in handgrip muscle strength of
women compared with men.59 Altogether, studies in the area
of sex differences in MMF and its clinical implications are
currently underinvestigated.

Parkinson disease rehabilitation should target the
strength deficits identified in the present review. It is there-
fore uplifting that studies have shown that different (exercise)
interventions, progressive resistance training in particular, ef-
fectively improve muscle strength in PwPD. A systematic
review and meta-analysis by Gamborg et al71 examined the ef-
fects of strength training in PwPD and reported improvements
in muscle strength (15%-30% ), functional capacity (TUG),
and quality of life (39-item Parkinson’s Disease question-
naire). Similarly, a recent systematic review and meta-analysis
by Gollan et al72 showed significant large effects on mus-
cle strength following resistance training (standardized mean
difference: = –0.84, 95% CI: –1.29 to –0.39). Of note, all
the included strength training protocols in the study by Gol-
lan et al were effective in improving muscle strength despite
variety in session duration, frequency, intensity, and length.
However, most trials recruited PwPD with mild to moder-
ate disability and provided information about only short-term
effects. Consequently, future studies are needed to further elu-
cidate how to optimize exercise interventions that improve
MMF in PwPD, while taking into account parameters such
as medication state, strength training protocol parameters (ie,
muscle groups, session duration, frequency, intensity, and
length), long-term effects, the level of disability, and potential
sex differences.

The present review shows that MMF is impaired in
PwPD when compared with HC (with the largest deficits
in lower extremity and trunk muscle strength), which likely
exists already at the early stages of the disease. Although
isokinetic/isometric dynamometry is not available to most
clinicians, they should be aware of these impairments and
emphasize to all PwPD the importance of implementing
strength training/physical activities in their daily lives in or-
der to counteract muscle weakness and potential adverse
consequences.

Aim 3: Associations Between Muscle Strength
and Functional Capacity or Disease Severity

This is the first study to synthesize the current body
of literature on the associations between muscle strength
and functional capacity and/or disease severity in PwPD.
Although purely speculative due to unknown causation, the
reported associations between muscle strength and objec-
tive functional capacity outcomes, although only moderate
in magnitude, suggest that PwPD may attain improvements
in such PD-related symptoms by improving muscle strength.
This is somewhat supported by findings across studies show-
ing that lower extremity muscle strength explained a moderate
part of the variance (18%-24%) in lower limb functional
capacity tests (ie, balance, gait ability, chair-rise time, and
TUG performance) while lower extremity muscle strength ex-
plained 34% to 40% of the variance in UPDRS scores (ie,
MDS-UPDRS-total, UPDRS-III, UPDRS-II). Weak associa-
tions were reported between RFD and functional capacity
outcomes (ie, chair-rise time). However, only 2 studies from
the same group (Pääsuke et al 200231 + 200429) reported on
RFD hindering solid conclusions on the importance of this
outcome at present.
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Despite the large number of studies (n = 40) evaluating
MMF in PwPD, only a subset of these (n = 11) reported asso-
ciations between MMF (predominantly muscle strength) and
functional capacity and/or disease severity thus limiting rele-
vant association patterns. Future studies in MMF are therefore
encouraged to report on relevant associations with all MMF
parameters (ie, muscle strength, power and RFD), while also
taking into consideration the influence of relevant covariables.

As always, correlation does not imply causation. How-
ever, the present associations between muscle strength and
functional capacity or disease severity can provide a use-
ful springboard to further research. In this context, the role
of muscle strength/strength training in the causation of PD
progression (ie, MDS-UPDRS score) or functional capacity
deterioration should be further investigated in both the short-
and long-term perspectives. Finally, given the associations
presented in this review, clinicians should consider “prescrib-
ing” strength training to all PwPD and especially those with
functional capacity impairments (ie, balance, gait ability).

Methodological Limitations
Some methodological considerations have to be kept

in mind when interpreting the results of the present review.
First, the reported associations do not allow conclusions on
causality. Second, the heterogeneity of studies in terms of
study design, PD populations, gender classification, applied
strength testing devices, applied strength (eg, peak torque,
RFD, and muscle power), and functional capacity outcomes
limits direct comparison across the included studies. Finally,
the functional capacity results of the present review referred
to physical function and not to other functions of importance
for functioning, and, further, the recommendations generated
in the results may not be transferable to PwPD with higher
disease severity (ie, H&Y 4).

CONCLUSION
In PwPD, the limited existing evidence suggests that a

reliable test of muscle strength can be performed using dy-
namometry during isometric contractions, but further studies
on psychometric properties are needed. Mechanical muscle
function (ie, muscle strength, power, and RFD) in PwPD is im-
paired compared with HC, with the largest deficits observed in
the lower extremity in the “OFF” medication state and of con-
centric contractions. The current literature shows that muscle
strength is associated with objective functional capacity out-
comes as well as disease severity/level of disability, measured
by MDS-UPDRS scores.

REFERENCES
1. Bloem BR, Okun MS, Klein C. Parkinson’s disease. Lancet. 2021;

397(10291):2284-2303. doi:10.1016/S0140-6736(21)00218-X.
2. Paolucci T, Sbardella S, La Russa C, et al. Evidence of rehabil-

itative impact of progressive resistance training (PRT) programs in
Parkinson disease: an umbrella review. Park Dis. 2020;2020:9748091.
doi:10.1155/2020/9748091.

3. Roeder L, Costello JT, Smith SS, Stewart IB, Kerr GK. Effects of
resistance training on measures of muscular strength in people with
Parkinson’s disease: a systematic review and meta-analysis. PLoS One.
2015;10(7):e0132135. doi:10.1371/journal.pone.0132135.

4. Mak MK, Wong-Yu IS, Shen X, Chung CL. Long-term effects of exercise
and physical therapy in people with Parkinson disease. Nat Rev Neurol.
2017;13(11):689-703. doi:10.1038/nrneurol.2017.128.

5. Dibble LE, Foreman KB, Addison O, Marcus RL, LaStayo PC. Exercise
and medication effects on persons with Parkinson disease across the do-
mains of disability: a randomized clinical trial [published online ahead of
print 2015]. J Neurol Phys Ther. 2015;39(2)85-92.

6. Durmus B, Baysal O, Altinayar S, Altay Z, Ersoy Y, Ozcan C. Lower
extremity isokinetic muscle strength in patients with Parkinson’s dis-
ease. J Clin Neurosci Off J Neurosurg Soc Australas. 2010;17(7):893-
896. doi:10.1016/j.jocn.2009.11.014.

7. Frazzitta G, Ferrazzoli D, Maestri R, et al. Differences in muscle strength
in parkinsonian patients affected on the right and left side. PLoS One.
2015;10(3):e0121251. doi:10.1371/journal.pone.0121251.

8. Kakinuma S, Nogaki H, Pramanik B, Morimatsu M. Muscle weakness
in Parkinson’s disease: isokinetic study of the lower limbs. Eur Neurol.
1998;39(4):218-222. doi:10.1159/000007937.

9. Kristensen OH, Stenager E, Dalgas U. Muscle strength and poststroke
hemiplegia: a systematic review of muscle strength assessment and mus-
cle strength impairment. Arch Phys Med Rehabil. 2017;98(2):368-380.
doi:10.1016/j.apmr.2016.05.023.

10. Jørgensen M, Dalgas U, Wens I, Hvid L. Muscle strength and power in
persons with multiple sclerosis—a systematic review and meta-analysis.
J Neurol Sci. 2017;376:225-241. doi:10.1016/j.jns.2017.03.022.

11. Cano-de-la-Cuerda R, Pérez-de-Heredia M, Miangolarra-Page JC,
Muñoz-Hellín E, Fernández-de-Las-Peñas C. Is there muscular weak-
ness in Parkinson’s disease? Am J Phys Med Rehabil. 2010;89(1):70-76.
doi:10.1097/PHM.0b013e3181a9ed9b.

12. Vieira de Moraes Filho A, Chaves SN, Martins WR, et al. Progressive re-
sistance training improves bradykinesia, motor symptoms and functional
performance in patients with Parkinson’s disease. Clin Interv Aging. 2020;
15:87-95. doi:10.2147/CIA.S231359.

13. Liberati A, Altman DG, Tetzlaff J, et al. The PRISMA statement for
reporting systematic reviews and meta-analyses of studies that evaluate
healthcare interventions: explanation and elaboration. BMJ. 2009;339:
b2700. doi:10.1136/bmj.b2700.

14. Postuma RB, Berg D, Adler CH, et al. The new definition and diagnos-
tic criteria of Parkinson’s disease. Lancet Neurol. 2016;15(6):546-548.
doi:10.1016/S1474-4422(16)00116-2.

15. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical di-
agnosis of idiopathic Parkinson’s disease: a clinico-pathological study
of 100 cases. J Neurol Neurosurg Psychiatry. 1992;55(3):181-184.
doi:10.1136/jnnp.55.3.181.

16. Fahn S, Elton RL, UPDRS Program Members. Unified Parkinson’s dis-
ease rating scale. In: S Fahn, CD Marsden, M Goldstein, DB Calne, eds.
Recent Developments in Parkinson’s Disease. Vol 2. Florham Park, NJ:
Macmillan Healthcare Information; 1987:153-163, 293-304.

17. Goetz CG, Tilley BC, Shaftman SR, et al. Movement Disorder Society-
sponsored revision of the Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS): scale presentation and clinimetric testing results. Mov
Disord. 2008;23(15):2129-2170. doi:10.1002/mds.22340.

18. Skorvanek M, Martinez-Martin P, Kovacs N, et al. Differences in MDS-
UPDRS scores based on Hoehn and Yahr stage and disease duration. Mov
Disord Clin Pract. 2017;4(4):536-544. doi:10.1002/mdc3.12476.

19. Mokkink LB, Terwee CB, Knol DL, et al. The COSMIN checklist for
evaluating the methodological quality of studies on measurement proper-
ties: a clarification of its content. BMC Med Res Methodol. 2010;10(1):
22. doi:10.1186/1471-2288-10-22.

20. Lakens D. Calculating and reporting effect sizes to facilitate cumulative
science: a practical primer for t-tests and ANOVAs. Front Psychol. 2013;
4:863. doi:10.3389/fpsyg.2013.00863.

21. McDowell Ian. Measuring Health: A Guide to Rating Scales and
Questionnaires. 3rd ed. 2006. https://doi.org/10.1093/acprof:oso/9780
195165678.001.0001. Accessed September 26, 2022.

22. Purser JL, Pieper CF, Duncan PW, et al. Reliability of physical perfor-
mance tests in four different randomized clinical trials. Arch Phys Med
Rehabil. 1999;80(5):557-561.

23. Pang MYC, Mak MKY. Muscle strength is significantly associated
with hip bone mineral density in women with Parkinson’s dis-
ease: a cross-sectional study. J Rehabil Med. 2009;41(4):223-230.
doi:10.2340/16501977-0311.

Copyright © 2022 Academy of Neurologic Physical Therapy, APTA. Unauthorized reproduction of this article is prohibited.

© 2022 Academy of Neurologic Physical Therapy, APTA 13

https://doi.org/10.1093/acprof:oso/9780195165678.001.0001


Gamborg et al JNPT • Volume 47, January 2023

24. Pang MY, Mak MK. Influence of contraction type, speed, and joint
angle on ankle muscle weakness in Parkinson’s disease: implications
for rehabilitation. Arch Phys Med Rehabil. 2012;93(12):2352-2359.
doi:10.1016/j.apmr.2012.06.004.

25. Krumpolec P., Vallova S., Slobodova L, et al. Aerobic-strength exercise
improves metabolism and clinical state in Parkinson’s disease patients.
Front Neurol. 2017;8:698. doi:10.3389/fneur.2017.00698.

26. Noorvee K, Uueni D, Ereline J, Gapeyeva H, Taba P, Pääsuke M. Motor
performance characteristics in patients with mild-to-moderate Parkinson’s
disease and healthy controls. Acta Kinesiol Univ Tartu. 2006;11:53-63.

27. Nallegowda M, Singh U, Handa G, et al. Role of sensory input and mus-
cle strength in maintenance of balance, gait, and posture in Parkinson’s
disease: a pilot study. Am J Phys Med Rehabil. 2004;83(12):898-908.
doi:10.1097/01.phm.0000146505.18244.43.

28. Canning CG, Ada L, Johnson JJ, McWhirter S. Walking capacity in mild
to moderate Parkinson’s disease. Arch Phys Med Rehabil. 2006;87(3):
371-375. doi:10.1016/j.apmr.2005.11.021.

29. Pääsuke M, Ereline J, Gapeyeva H, Joost K, Mõttus K, Taba P.
Leg-extension strength and chair-rise performance in elderly women
with Parkinson’s disease. J Aging Phys Act. 2004;12(4):511-524.
doi:10.1123/japa.12.4.511.

30. Inkster LM, Eng JJ, MacIntyre DL, Stoessl AJ. Leg muscle strength
is reduced in Parkinson’s disease and relates to the ability to rise
from a chair. Mov Disord Off J Mov Disord Soc. 2003;18(2):157-162.
doi:10.1002/mds.10299.

31. Paasuke M, Ereline J, Gapeyeva H, et al. Motor performance testing in
elderly women. Acta Kinesiol Univ Tartu. 2002;7(suppl):159-163.

32. Stevens-Lapsley J, Kluger BM, Schenkman M. Quadriceps muscle weak-
ness, activation deficits, and fatigue with Parkinson disease. Neurorehabil
Neural Repair. 2012;26(5):533-541. doi:10.1177/1545968311425925.

33. Schilling BK, Karlage RE, LeDoux MS, Pfeiffer RF, Weiss LW, Falvo
MJ. Impaired leg extensor strength in individuals with Parkinson disease
and relatedness to functional mobility. Parkinsonism Relat Disord. 2009;
15(10):776-780. doi:10.1016/j.parkreldis.2009.06.002.

34. de Lima Gomes W, Melo de Souza Miranda L, da Silva NM, et al.
Analysis of functional profile and mobility in Parkinson’s disease: a
cross sectional study. Man Ther Posturology Rehabil J. 2018;16:1-6.
doi:10.17784/mtprehabjournal.2018.16.557.

35. Huang YZ, Chang FY, Liu WC, Chuang YF, Chuang LL, Chang YJ. Fa-
tigue and muscle strength involving walking speed in Parkinson’s disease:
insights for developing rehabilitation strategy for PD. Neural Plast. 2017;
2017:1941980. doi:10.1155/2017/1941980.

36. Pedersen SW, Oberg B, Larsson L, Lindval B. Gait analysis, isokinetic
muscle strength measurement in patients with Parkinson’s disease. Scand
J Rehabil Med. 1997;29(2):67-74.

37. Robichaud JA, Pfann KD, Comella CL, Brandabur M, Corcos DM.
Greater impairment of extension movements as compared to flexion
movements in Parkinson’s disease. Exp Brain Res. 2004;156(2):240-254.
doi:10.1007/s00221-003-1782-0.

38. Park JH, Stelmach GE. Force development during target-directed isomet-
ric force production in Parkinson’s disease. Neurosci Lett. 2007;412(2):
173-178. doi:10.1016/j.neulet.2006.11.009.

39. Skinner JW, Christou EA, Hass CJ. Lower extremity muscle strength and
force variability in persons with Parkinson disease. J Neurol Phys Ther.
2019;43(1):56-62. doi:10.1097/NPT.0000000000000244.

40. Moreno Catalá M, Woitalla D, Arampatzis A. Central factors explain
muscle weakness in young fallers with Parkinson’s disease. Neurorehabil
Neural Repair. 2013;27(8):753-759. doi:10.1177/1545968313491011.

41. Koller W, Kase S. Muscle strength testing in Parkinson’s disease. Eur
Neurol. 1986;25(2):130-133. doi:10.1159/000115998.

42. Bridgewater KJ, Sharpe MH. Trunk muscle performance in early
Parkinson’s disease. Phys Ther. 1998;78(6):566.

43. Alota Ignacio Pereira V, Augusto Barbieri F, Moura Zagatto A, et al.
Muscle fatigue does not change the effects on lower limbs strength
caused by aging and Parkinson’s disease. Aging Dis. 2018;9(6):988-998.
doi:10.14336/AD.2018.0203.

44. Hammond KG, Pfeiffer RF, LeDoux MS, Schilling BK. Neuromuscu-
lar rate of force development deficit in Parkinson disease. Clin Biomech
(Bristol, Avon). 2017;45:14-18. doi:10.1016/j.clinbiomech.2017.04.003.

45. Nishikawa Y, Watanabe K, Takahashi T, et al. Spatial electromyogra-
phy distribution pattern of the vastus lateralis muscle during ramp up

contractions in Parkinson’s disease patients. J Electromyogr Kinesiol
Off J Int Soc Electrophysiol Kinesiol. 2017;37:125-131. doi:10.1016/
j.jelekin.2017.10.003.

46. Stelmach GE, Worringham CJ. The preparation and production of isomet-
ric force in Parkinson’s disease. Neuropsychologia. 1988;26(1):93-103.
doi:10.1016/0028-3932(88)90033-4.

47. Wilson JM, Thompson CK, McPherson LM, Zadikoff C, Heckman
CJ, MacKinnon CD. Motor unit discharge variability is increased
in mild-to-moderate Parkinson’s disease. Front Neurol. 2020;11:477.
doi:10.3389/fneur.2020.00477.

48. Lima LO, Cardoso F, Teixeira-Salmela LF, Rodrigues-de-Paula F.
Work and power reduced in L-dopa naïve patients in the early-
stages of Parkinson’s disease. Arq Neuropsiquiatr. 2016;74(4):287-292.
doi:10.1590/0004-282X20160014.

49. Smart RR, Richardson CM, Wile DJ, Dalton BH, Jakobi JM. Importance
of maximal strength and muscle-tendon mechanics for improving force
steadiness in persons with Parkinson’s disease. Brain Sci. 2020;10(8):471.
doi:10.3390/brainsci10080471

50. Anzak A, Tan H, Pogosyan A, et al. Improvements in rate of de-
velopment and magnitude of force with intense auditory stimuli in
patients with Parkinson’s disease. Eur J Neurosci. 2011;34(1):124-132.
doi:10.1111/j.1460-9568.2011.07735.x.

51. Brown P, Corcos DM, Rothwell JC. Does parkinsonian action tremor con-
tribute to muscle weakness in Parkinson’s disease? Brain J Neurol. 1997;
120(pt 3):401-408. doi:10.1093/brain/120.3.401.

52. Oliveira MA, Rodrigues AM, Caballero RMS, Petersen RD, Shim JK.
Strength and isometric torque control in individuals with Parkinson’s
disease. Exp Brain Res. 2008;184(3):445-450. doi:10.1007/s00221-007-
1212-9.

53. Kunesch E, Schnitzler A, Tyercha C, Knecht S, Stelmach G. Altered force
release control in Parkinson’s disease. Behav Brain Res. 1995;67(1):43-
49. doi:10.1016/0166-4328(94)00111-R.

54. Pradhan S, Scherer R, Matsuoka Y, Kelly VE. Grip force modulation
characteristics as a marker for clinical disease progression in individuals
with Parkinson disease: case-control study. Phys Ther. 2015;95(3):369-
379. doi:10.2522/ptj.20130570.

55. Blakemore RL, MacAskill MR, Shoorangiz R, Anderson TJ.
Stress-evoking emotional stimuli exaggerate deficits in motor func-
tion in Parkinson’s disease. Neuropsychologia. 2018;112:66-76.
doi:10.1016/j.neuropsychologia.2018.03.006.

56. Brotherton SS, Williams HG, Gossard JL, Hussey JR, McClenaghan BA,
Eleazer P. Are measures employed in the assessment of balance useful for
detecting differences among groups that vary by age and disease state? J
Geriatr Phys Ther. 2005;28(1):14-19.

57. Jordan N, Sagar HJ, Cooper JA. A component analysis of the generation
and release of isometric force in Parkinson’s disease. J Neurol Neurosurg
Psychiatry. 1992;55(7):572-576. doi:10.1136/jnnp.55.7.572.

58. Neely KA, Planetta PJ, Prodoehl J, et al. Force control deficits
in individuals with Parkinson’s disease, multiple systems atrophy,
and progressive supranuclear palsy. PLoS One. 2013;8(3):e58403.
doi:10.1371/journal.pone.0058403.

59. Jones GR, Roland KP, Neubauer NA, Jakobi JM. Handgrip strength re-
lated to long-term electromyography: application for assessing functional
decline in Parkinson disease. Arch Phys Med Rehabil. 2017;98(2):347-
352. doi:10.1016/j.apmr.2016.09.133.

60. Koo TK, Li MY. A guideline of selecting and reporting intraclass correla-
tion coefficients for reliability research. J Chiropr Med. 2016;15(2):155-
163. doi:10.1016/j.jcm.2016.02.012.

61. Kern DS, Semmler JG, Enoka RM. Long-term activity in upper- and
lower-limb muscles of humans. J Appl Physiol. 2001;91(5):2224-2232.
doi:10.1152/jappl.2001.91.5.2224.

62. Folland JP, Haas B, Castle PC. Strength and activation of the knee mus-
culature in Parkinson’s disease: effect of medication. Neurorehabilitation.
2011;29(4):405-411. doi:10.3233/NRE-2011-0719.

63. Nogaki H, Fukusako T, Sasabe F, Negoro K, Morimatsu M. Muscle
strength in early Parkinson’s disease. Mov Disord Off J Mov Disord Soc.
1995;10(2):225-226. doi:10.1002/mds.870100218.

64. Glendinning DS, Enoka RM. Motor unit behavior in Parkinson’s disease.
Phys Ther. 1994;74(1):61-70. doi:10.1093/ptj/74.1.61.

65. Rossi B, Siciliano G, Carboncini MC, et al. Muscle modifications
in Parkinson’s disease: myoelectric manifestations. Electroencephalogr

Copyright © 2022 Academy of Neurologic Physical Therapy, APTA. Unauthorized reproduction of this article is prohibited.

14 © 2022 Academy of Neurologic Physical Therapy, APTA



JNPT • Volume 47, January 2023 Muscle Strength and Power in People With Parkinson Disease

Clin Neurophysiol Mot Control. 1996;101(3):211-218. doi:10.1016/0924-
980X(96)94672-X.

66. Edström L. Selective changes in the sizes of red and white muscle fibres
in upper motor lesions and Parkinsonism. J Neurol Sci. 1970;11(6):537-
550. doi:10.1016/0022-510X(70)90104-8.

67. Chiang P-L, Chen Y-S, Lin AWC. Altered body composition of
psoas and thigh muscles in relation to frailty and severity of Parkin-
son’s disease. Int J Environ Res Public Health. 2019;16(19):3667.
doi:10.3390/ijerph16193667.

68. Martignon C, Ruzzante F, Giuriato G, et al. The key role of
physical activity against the neuromuscular deterioration in pa-
tients with Parkinson’s disease [published online ahead of print
March 1, 2021]. Acta Physiol. 2021;231(4):e13630. doi:10.1111/apha.
13630.

69. Nimwegen M, Speelman AD, Hofman-van Rossum EJM, et al. Physi-
cal inactivity in Parkinson’s disease. J Neurol. 2011;258(12):2214-2221.
doi:10.1007/s00415-011-6097-7.

70. Cerri S, Mus L, Blandini F. Parkinson’s disease in women and men: what’s
the difference? J Park Dis. 2019;9(3):501-515. doi:10.3233/JPD-191683.

71. Gamborg M, Hvid LG, Dalgas U, Langeskov-Christensen M. Parkinson’s
disease and intensive exercise therapy—an updated systematic review and
meta-analysis [published online ahead of print January 8, 2022]. Acta
Neurol Scand. 2022;145(5):504-528. doi:10.1111/ane.13579.

72. Gollan R, Ernst M, Lieker E, et al. Effects of resistance training on motor-
and non-motor symptoms in patients with Parkinson’s disease: a sys-
tematic review and meta-analysis [published online ahead of print June
23, 2022]. J Parkinsons Dis. 2022;12(6):1783-1806.doi:10.3233/JPD-
223252.

Copyright © 2022 Academy of Neurologic Physical Therapy, APTA. Unauthorized reproduction of this article is prohibited.

© 2022 Academy of Neurologic Physical Therapy, APTA 15


