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Gait parameters of Parkinson'’s
disease compared with healthy
controls: a systematic review
and meta-analysis
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We systematically reviewed observational and clinical trials (baseline) studies examining differences
in gait parameters between Parkinson’s disease (PD) in on-medication state and healthy control. Four
electronic databases were searched (November-2018 and updated in October-2020). Independent
researchers identified studies that evaluated gait parameters measured quantitatively during self-
selected walking speed. Risk of bias was assessed using an instrument proposed by Downs and Black
(1998). Pooled effects were reported as standardized mean differences and 95% confidence intervals
using a random-effects model. A total of 72 studies involving 3027 participants (1510 with PD and
1517 health control) met the inclusion criteria. The self-selected walking speed, stride length, swing
time and hip excursion were reduced in people with PD compared with healthy control. Additionally,
PD subjects presented higher cadence and double support time. Although with a smaller difference
for treadmill, walking speed is reduced both on treadmill (.13 m s™*) and on overground (.17 m s™) in
PD. The self-select walking speed, stride length, cadence, double support, swing time and sagittal
hip angle were altered in people with PD compared with healthy control. The precise determination
of these modifications will be beneficial in determining which intervention elements are most critical
in bringing about positive, clinically meaningful changes in individuals with PD (PROSPERO protocol
CRD42018113042).

Parkinson’s disease (PD) is a chronic neurodegenerative condition characterized by decreased dopamine pro-
duction in the substantia nigra pars compacta'. In addition, impairment in dopamine production resulting in
changes on the cortical region is related to the planning and sequencing of the movements*

In Brazil, the incidence of disease in 2005 was around 16 million, and the projection is that number can
double in 2030°. Factors such as aging, male gender, and geographic location may be associated with differences
in PD incidence. It has been demonstrated that prevalence is higher after 79 years in South American residents*.
Although the causes for PD manifestation are unknown, some studies show an association with genetic and
environmental factors>®.

Some motor symptoms such as bradykinesia, postural instability, rest tremor, rigidity, and slowness of move-
ment are present in PD’. These cardinal symptoms promote alteration in gait parameters in subjects with PD3-1°,
The literature has indicated that self-selected walking speed (SSWS) is reduced in people with PD®° when com-
pared to a matched healthy control group®.

Notably, individuals with PD walk with higher cadence, shorter stride length, higher time in double limb
support phase, greater asymmetry of upper and lower limbs, axial rigidity and reduced range of hip, knee and
ankle motions®™'2. The reduced range of motion (ROM) in lower limbs exerts influence on the short stride
length at SSWS'*!2, Further, PD motor disturbance is characterized by a reduction in walking speed due to a
combination of reduced stride length and increased cadence!'2. Kinematic changes may relate to an inability
to maintain proper joint excursions.
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Although the literature indicates some gait characteristics in PD, several evaluation methods are applied,
resulting in different reference values®'!. An extensive range of evaluation methods, disease duration, disease
stages, phase of medication and aging process may hamper clarity over these biomechanical parameters, generat-
ing difficulty in proposing more effective rehabilitation programs.

A recent review showed the gait impairments in PD'?, however, they aimed to study the assessment, mecha-
nisms, and interventions to improve gait, and no metanalysis was performed. A systematic review and meta-
analysis conducted by Creaby and Cole'* showed spatiotemporal and kinematic characteristics representing
the risk of falls in individuals with PD'*. The meta-analysis revealed that the likelihood of falls is higher in PD
individuals presenting slower walking speed, lower cadence, shorter strides and more mediolateral head and
pelvis motion. Still, spatiotemporal and kinematic analyses during walking compared with the healthy control
group were not performed. No systematic reviews with meta-analysis were found comparing spatiotemporal and
kinematic parameters while walking between PD and healthy control individuals. The quantitative characteri-
zation of gait parameters in individuals with PD might help researchers analyze this population data and help
professionals observe PD’s gait evolution after a rehabilitation program. Therefore, the aim of this study was to
systematically review the literature about the spatiotemporal and lower limb angles during walking on people
with PD compared with age-matched control subjects and perform meta-analyses. We hypothesized that the
SSWS would be deteriorated (reduced speed), accompanied by a reduction in the stride length, swing time and
lower limb angles, and higher cadence, step width and double support in individuals with PD compared with
healthy controls.

Methods

This systematic review has been reported according to the Guidelines for Meta-Analyses and Systematic Reviews
of Observational Studies (MOOSE) (Supplementary material 1.1)' and followed the recommendations proposed
by the Preferred Reporting Items for Systematic review and Meta- Analysis Protocols (PRISMA-P) and Cochrane
Collaboration'®. The study protocol was pre-registered on the International Prospective Register of Systematic
Reviews (PROSPERO protocol CRD42018113042). The present study has been published as a part of MSc dis-
sertation of the first author (http://hdLhandle.net/10183/200663).

Search strategy. The search was conducted in November 2018 and updated in October 2020 by two expe-
rienced investigators. The searching electronic bibliographic databases were Cochrane library, Scopus, Pubmed,
and EMBASE. Abstracts or extended abstracts published from conferences, theses, dissertations, or studies not
yet published in journals were not included. The following terms were used in combination and/or alone: “Par-
kinson disease,” “kinematics’, “joint kinematic”, “hip angles”, “knee angles”, “ankle angles”, “stride frequency’,
“stride length”. Boolean operators “OR” and “AND” were used to search the databases. Details of the PubMed
search are shown in Supplementary material 1.2. Also, a manual search of the reference lists of the studies found
in the databases was conducted.

Inclusion and exclusion criteria. This review included cross-sectional studies and clinical trials (from
which only baseline values were extracted). To be considered eligible, studies should present: (1) straight-line
free walking or treadmill walking evaluation with kinematic analysis; (2) people with PD as sample (evaluated
in “on” period of medication, regardless of age, sex, and disease stage); (3) an age- and sex-matched healthy
control group; (4) values (means and standard deviations) of spatiotemporal outcomes (during SSWS), walk-
ing distance, stride length, cadence, step width, double support, single support, swing time, sagittal hip, knee
and ankle ROM throughout the gait cycle and at initial contact evaluated in SSWS. Some studies were excluded
when (1) the variables of interest were not informed; (2) when subjects presented essential tremor, (3) postural
alterations, such as camptocormia and Pisa syndrome; (4) de novo PD; (5) parkinsonism; (6) freezing and (7)
differences speeds to both lower limbs; and (8) duplicate data. There were no restrictions on the date of publica-
tion for inclusion of studies in the review. Unpublished studies have not been included, and no hand searching
was made. Only studies published in English, Portuguese, or Spanish were included. Excluded Studies are in
Supplementary material 1.3.

Selection of studies. The selection of studies was conducted independently by two reviewers (A.PJ.Z.;
E.S.S.). First, titles and abstracts of studies found through the search strategy were evaluated considering the
eligibility criteria. In the second phase, for the selected articles or those in doubt, the same two independent
reviewers performed the full-text reading, and the eligibility criteria were followed. Disagreements between
reviewers were resolved by consensus, and when necessary, by a third reviewer (R.R.C.).

Data extraction was performed by the same independently two reviewers who conducted the selection of
studies. A standardized form containing the information of interest that should be extracted was delivered to
each of the reviewers. The data extracted from the studies were: Age (years), mass (kg), height (m), Hoehn and
Yahr scale (H&Y), score of the Unified Parkinson’s disease Rating Scale (UPDRS), disease duration (years), type
of walk test performed (free walking test or treadmill), SSWS (m s™!) and walking distance (m) (Supplementary
material 1.4). In addition, means and standard deviations of the outcomes were extracted to the standardized
form: SSWS (m s7!), walking distance (m), stride length (m), cadence (step min™), step width (m), double sup-
port (%), single support (%), swing time (%), sagittal hip, knee and ankle ROM (°), ankle, hip, and knee angles
(°) at initial contact evaluated in SSWS. The authors of the included studies were contacted by email, aiming to
access possible unclear data. If no answer was received, the data in question were excluded from the analysis. In
the results presented through figures (graphics), the software Image-J (National Institute of Health, USA) was
used to achieve the outcome data. The justification for exclusion is in Supplementary material 1.3.
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Assessment of risk of bias (methodological quality). A customized quality checklist was developed
in this review, applying an instrument proposed by Downs and Black'. Other authors have been using this
checklist with adequate and customized questions'®-%’. It was originally designed to assess the methodological
quality of randomized and non-randomized studies of interventions. In this study, just observational studies
were evaluated. Therefore, the instrument was developed by removing items 4, 8, 9, 13, 14, 15, 16, 17, 19, 23, 24,
25 and 26 because they were not relevant to these types of study. The included questions were 1, 2, 3, 5, 6, 7, 10,
11, 12, 18, 20, 21 and 22. The computation of quality of studies was based on Ratcliffe and collaborators?, stud-
ies scored as high quality achieve a score > 66.8%, medium quality 33.4-66.7%, and low-quality studies achiev-
ing<33.3%.

Data analysis. The pooled effect estimates were computed from the difference scores between the gait
parameters of PD individuals and the healthy controls, their standard deviations, and the number of partici-
pants. The authors were contacted through emails for unreported data and, if no answer was returned or the
data requested were not available, the studies were excluded. To be included in the meta-analysis study needed
to present the mean, standard deviation, standard error, or upper and lower limits of 95% confidence interval.

The results of meta-analyses are exhibited as standardized mean differences and calculations were performed
using random-effects models. Statistical heterogeneity of evaluations among studies was evaluated by Cochran’s
Q test and the I? inconsistency test; it was considered that values >50% indicated high heterogeneity'®. Also,
sensitivity analyses were conducted to investigate the possible influence of the method selected to assess gait
parameters in the included studies on the differences between PD and healthy people, separating the studies
using free walking of those using treadmill. Meta-regression analyses were performed to investigate potential
moderators: mean age (years), mean H&Y (scores), mean UPDRS (scores) and mean disease duration (years).
For descriptive analysis, the mean and standard deviation of each outcome in each group was presented (Sup-
plementary material 2.6). Subgroup (treadmill versus free walking) and meta-regression analyses were not per-
formed for joint kinematic from lower limbs (ROM and angle at initial contact) because there were not enough
studies. Also, subgroup analyses were not performed for stride length, step width, double support time, single
support time, swing time because there were not enough studies. Furthermore, publication bias was assessed
using funnel plots for each outcome (of each trial’s effect size against the standard error). Funnel plot asymmetry
was evaluated using Begg and Egger tests* and significant publication bias was considered if the p value <0.05.
Trim-and-fill computation was used to estimate the effect of publication bias on the interpretation of results*.

Forest plots were generated indicating the pooled effects and standardized mean differences, with 95% con-
fidence intervals (CIs) for each outcome. Values of p <0.05 were considered statistically significant. All analyses
were performed using Comprehensive Meta-Analysis software version 3.3.07. All individual data are in Sup-
plementary material 2.7.

Results

Studies selection. A total of 2398 studies were identified during the literature search. After adjusting for
duplicates, 2042 studies remained. No additional articles were included in the present review, resulting from
the manual search performed. After reading the abstracts, 1775 were removed, as they did not contain the key
concepts of the study question. The full texts of 267 studies were read, and, from this analysis, 194 studies were
excluded. Most of these studies were excluded either because (1) the study did not evaluate gait variables, (2)
evaluation performed in OFF medication, (3) lack of control group, (4) post-deep brain stimulation (DBS) sur-
gery (5) characteristic of a preliminary study. Thus, 72 studies met the inclusion criteria and were included in the
quantitative analysis (Fig. 1). Three trials were included twice because they had met the eligibility criteria for two
comparison groups. No other search was performed.

Characteristics of the included studies. In total, 72 studies and 76 comparison pairs were found. In this
review, 3027 participants were included in the meta-analyses. Among these, 1510 and 1517 participants were
from PD groups and control groups, respectively. 77% of the studies showed H&Y values, 66% provide UPDRS
information, 62% of the studies exhibited the disease duration, 100% informed age of PD group, and 1% did
not provide this information about control group. The characteristics of the 72 included studies are available in
Supplementary material 1.4.

Methodological quality of the included trials. Of the 72 included studies, 100% showed the hypoth-
esis/aim/objective clearly described, 97% described the primary outcomes, 59% indicated the characteristics
of participants clearly, 99% described principal confounders, 100% reported the main findings, 100% showed
random variability in the data, 82% described probability values, in 75% of the studies the participants are
representative of the population, 93% measured the appropriate statistic, 100% measured the main outcome if
accurate methods, 100% recruited the participants of the same population and 8% of the studies recruited the
participants of the groups in the same period (Supplementary material 1.5).

Gait Parameters of PD and healthy. Meta-analysis of speed. Data concerning speed were available
from 69 studies and 72 combination pairs, which compare the speed of PD versus healthy group, in 2932 par-
ticipants. Meta-analysis showed that speed is approximately 0.17 m s™* reduced in people with PD compared
with healthy group (ES: —0.913; 95% CI —1.100 to —0.725; p<0.001; 1% 81%) (Fig. 2). However, the analysis of
publication bias for this outcome identified a significant bias (p=0.003), and thus the adjusted value of the ef-
fect size, according to the Duval and Tweedie’s trim and fill test, resulted in —0.619 (95% CI —0.809 to —0.429).
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Figure 1. Flowchart of number of articles retrieved during the literature search and study selection.

Subgroup analysis of studies showed that PD participants walked slower than healthy controls both during
free (66 studies; 68 combination pairs; ES: —0.914; 95% CI —1.113 to —0.716; p<0.001; I*: 82%; —0.17 m s™')
and treadmill walking (3 studies; 4 combination pairs; ES: —0.919; 95% CI — 1.376 to — 0.462; p < 0.001; I*: 54%;
—0.13 m s!). More information on these studies is in Supplementary material 1.4. According to the results of
meta-regression analysis, mean age, H&Y, UPDRS, and disease duration did not influence the gait speed differ-
ence between PD versus the healthy control group (Table 1).

Meta-analysis of stride length. Data concerning stride length were available from 52 studies and 54 combina-
tion pairs, which compare stride length of PD versus healthy group, in a total of 2188 participants. Meta-analysis
demonstrated that stride length is approximately 0.16 m reduced in PD compared with healthy groups (ES:
-1.032; 95% CI —1.198 to —0.866; p<0.001; 1> 67%) (Fig. 3). However, the analysis of publication bias for
this outcome identified a significant bias (p=0.003), and thus the adjusted value of the effect size, according to
the Duval and Tweedie’s trim and fill test, resulted in —0.836 (95% CI —1.017 to —0.655). The meta-regression
analysis showed that mean age, H&Y, UPDRS, and disease duration did not influence the stride length difference
between individuals with PD and healthy controls (Table 1).

Meta-analysis of cadence. Data concerning cadence were available from 50 studies and 51 combination pairs,
which compare cadence of PD versus healthy group, in a total of 1936 participants. Meta-analysis showed that
cadence is approximately 1.75 step min~! higher in PD compared with healthy groups (ES: —0.212; 95% CI
—0.377 to —0.048; p=0.011; I*: 66%) (Fig. 4). The analysis of publication bias for this outcome showed no sig-
nificant bias (p=0.074).

Subgroup analysis of studies, which evaluated cadence using free (ground) walking or treadmill, evidenced
that this criterion influences the gait differences between PD and healthy groups. Studies adopting free walking
strategy to evaluate this variable demonstrated that cadence is 1.86 step min™" higher in PD subjects compared to
healthy groups (ES: —0.228; 95% CI — 0.402 to —0.054; p <0.001; I 67%). In contrast, studies using the treadmill
to evaluate the cadence (3 studies) did not show a difference between the cadence of PD and healthy groups (ES:
-0.023; 95% CI - 0.550 to 0.503; p=0.931; I* 52%). Furthermore, the meta-regression analysis results demon-
strated that mean age, H&Y, UPDRS, and disease duration do not influence the cadence difference between PD
subjects and healthy groups (Table 1).

Meta-analysis of step width. Data concerning step width were available from 18 studies and 19 combination
pairs, which compare the step width of PD versus healthy group, in 628 participants. Meta-analysis demonstrated
that step width did not differ between PD and healthy groups (ES: 0.104; 95% CI —0.153 to 0.361; p=0.426; 1%
59%) (Supplementary material 1.6) The analysis of publication bias for this outcome showed no significant bias
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Figure 2. Standardized mean differences on gait speed between Parkinson and healthy individuals. CI
confidence interval, Std diff standardized difference.

not influence the step width difference between individuals with PD and healthy controls (Table 1).

Meta-analysis of double support time.

(p=0.327). Besides, the meta-regression analysis showed that mean age, H&Y, UPDRS, and disease duration do

Data concerning double support time were available from 15 studies and
16 combination pairs, which compared the double support time of PD versus control groups, in a total of 562

participants. Meta-analysis showed that double support time is approximately 1.79% longer in PD compared
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Outcome/moderator | Number of study estimat ‘ B ‘ 95% CI ‘ p value ‘ R?
Speed

Age 26 0.053 | 0.033 to 0.140 0.227 0.01
H&Y 26 0.124 | 0.546to 0.814 0.722 —-0.04
UPDRS 26 0.013 | 0.045t0 0.018 0.414 -0.05
Disease duration 26 0.020 | 0.131t00.173 0.789 -0.05
Stride length

Age 21 —-0.001 | -0.080to 0.080 |0.997 -0.11
H&Y 21 -0.586 | —1.283t00.110 |0.098 0.15
UPDRS 21 —-0.022 | -0.0611t00.015 |0.244 0.00
Disease duration 21 0.003 | —0.146 t0 0.152 | 0.960 -0.10
Cadence

Age 16 0.041 | 0.137 to 0.055 0.400 -0.05
H&Y 16 0.558 | 0.191 to 0.075 0.084 0.23
UPDRS 16 0.003 | 0.026 to 0.032 0.840 -0.08
Disease duration 16 0.061 | 0.124 to 0.247 0.515 -0.05
Step width

Age 7 0.230 | 0.121 to 0.469 0.058 0.37
H&Y 7 0.371 | 0.779 to 1.522 0.526 -0.54
UPDRS 7 0.005 | 0.264 to 0.253 0.967 -0.31
Disease duration 7 0.106 | 0.233 to 0.447 0.539 -0.29
Double support

Age 7 0.001 | 0.183t00.179 0.986 -0.32
H&Y 7 0.170 | 0.469 to 1.811 0.838 -0.31
UPDRS 7 0.006 | 0.107 to 0.120 0.913 -0.31
Disease duration 7 0.026 | 0.053 to 0.001 0.058 0.49
Single support

Age 4 0.163 | 0.836 to 0.509 0.633 -0.40
H&Y 4 0.940 | 2.887 t0 4.768 0.630 -0.37
UPDRS 4 0.020 | 0.173t00.132 0.794 -0.46
Disease duration 4 0.134 | 0.340 to 0.609 0.579 —-0.40
Swing time

Age 11 0.069 | 0.226 to 0.086 0.381 -0.12
H&Y 4 2.535 | 0.083 to 4.987 0.042 0.57
UPDRS 6 0.149 | 0.246 t0 0.052 0.002 0.67
Disease duration 5 0.177 | 0.115 to 0.469 0.234 0.06

Table 1. Meta-regression of moderators of the gait parameters of Parkinson’s disease. p-values in bold indicate
statistical significance (p < 0.05). He*Y Hoehn and Yahr scale, UPDRS unified Parkinson’s disease rating scale.

with healthy groups (ES: 0.489; 95% CI 0.137 to 0.841; p<0.001; I* 73%) (Supplementary material 1.7). The
analysis of publication bias for this outcome showed no significant bias (p=0.260). The meta-regression analysis
showed that mean age, H&Y, UPDRS, and disease duration do not influence the double support time difference
between PD subjects and healthy groups (Table 1).

Meta-analysis of single support time. Data concerning single support were available from 10 studies, which
compared single support time between individuals with PD versus healthy group, in a total of 366 participants.
Meta-analysis demonstrated that single support time did not differ between PD and healthy groups (ES: 0.273;
95% CI —0.204 to 0.750; p=0.262; I 83%) (Supplementary material 1.8). The analysis of publication bias for
this outcome showed no significant bias (p=0.720). In addition, the meta-regression analysis showed that mean
age, H&Y, UPDRS, and disease duration do not influence the single support time difference between PD subjects
and healthy groups (Table 1).

Meta-analysis of swing time. Data concerning swing phase time were available from 11 studies, which compare
the swing time of PD versus healthy group, in 661 participants. Meta-analysis showed that swing time is 1.76%
reduced in PD compared with healthy groups (ES: —0.715; 95% CI —1.096 to —0.334; p<0.001; I 79%) (Sup-
plementary material 1.9). The analysis of publication bias for this outcome showed no significant bias (p=0.087).

According to the results of meta-regression analysis, mean age and disease duration do not influence the
swing time difference between PD subjects and healthy groups. On the other hand, the disease stage evaluated

Scientific Reports | (2021) 11:752 | https://doi.org/10.1038/s41598-020-80768-2 natureresearch



Study name

www.nature.com/scientificreports/

Statistics f )
Std diff Standard Lower Upper

Std diff | | 95%C

Azulay et al. [36]
Azulay et al. [37]

Blin et al. [39]

Bond & Morn’s [40]
Brown et al. [41]
Bugalho et al. [42]
Caetano et al. [43]
Castagna et al. [44]
Chen et al. [45]

Cole et al. [46]

Cole et al. [47]

De Nunzio et al. [49]
Demonceau et al. [51a]
Demonceau et al. [51b]
Egerton et al. [54]
Eltoukhy et al. [55]
Esser et al. [56]

Esser et al. [57]
Frenkel-Toledo et al. [58]
Frenkel-Toledo et al. [59]
Galletly & Brauer [60]
Hackney & Earhart [61]
Hackney & Earhart [62]

Hausdorff et al. [63]
Jaywant et al. [64]
Kincses et al. [65]
Lewis et al . [68]
Lin et al. [69])
Lohnes & Earhart [70]
Lowry et al. [71]
Maggioni et al. [72]
Mak et al. [74]
McNeely et al. [75]
Morris et al. [76]
Morris et al. [77
O'Shea et al. [78]
Peppe et al . [24]
Rabin et al. [80]
Rafferty et al. [81]
Rochester et al. [82]
Roiz et al. [83]
Salazar et al. [84]
Santos et al. [85a]
Santos et al. [85b]
Sofuwa et al. [86]
Stolze et al. [87]
Trojaniello et al. [89]
Turcato et al. [90]
Vieregge et al. [93]
Vitério et al. [102]
Vitério et al. [95]
Willems et al. [97]
Zhou et al. [100]
Zijlstra et a. [101]

in means error Variance limit limit Z-Value p-Value
1,387 0394 0,155 -2,159 -0,615 -3,522 0,000
1,516 0,346 0,120 -2,194 -0,837 -4,379 0,000
1,731 0,290 0,084 -2,299 -1,164 -5979 0,000
41,390 0455 0,207 -2,282 -0,499 -3,056 0,002
0,824 0466 0217 -1,737 0,089 -1,769 0,077
0973 0255 0,065 -1,473 -0,473 -3,813 0,000
41,970 0609 0,371 -3,164 -0,775 -3,233 0,001 ——
0,849 0,381 0,145 -1,596 -0,102 -2,227 0,026 -
0,000 0,408 0,167 -0,800 0,800 0,000 1,000
0563 0,350 0,122 -1,248 0,123 -1,608 0,108
0,571 0,230 0,053 -1,023 -0,120 -2,479 0,013
1,629 0,429 0,184 -2,469 -0,788 -3,799 0,000 -
0,399 0,252 0,064 -0,893 0,096 -1579 0,114
0,773 0,259 0,067 -1,281 -0,265 -2,983 0,003
41,265 0,346 0,120 -1,944 -0,586 -3,651 0,000
0,711 0,479 0,229 -0,228 1,649 1,484 0,138 Hi-
0,766 0,429 0,184 -1,606 0,074 -1,788 0,074
0,785 0,377 0,142 -1,524 -0,045 -2,079 0,038
0573 0252 0,064 -1,067 -0,079 -2,273 0,023
0,893 0,259 0,067 -1,401 -0,385 -3,447 0,001
0,600 0361 0,131 -1,308 0,109 -1,659 0,097
1,111 0,74 0,030 -1,453 -0,769 -6,373 0,000
0595 0,166 0,027 -0,920 -0,270 -3,587 0,000
-1,444 0303 0,092 -2,038 -0,850 -4,764 0,000 . 3
3167 0425 0,180 -3,999 2,334 -7,456 0,000 -l
0873 0223 0,050 -1,310 -0,436 -3,915 0,000 _J
1,469 0426 0,181 -2,304 -0,634 -3449 0,001
0368 0412 0,169 -1,174 0,439 -0,893 0,372
0,200 0,427 0,183 -0,637 1,038 0,469 0,639
0,000 0,426 0,182 -0,836 0,836 0,000 1,000
41,053 0,403 0,163 -1,844 -0,263 -2,612 0,009
0727 0391 0,153 -1,494 0,040 -1,859 0,063
0296 0311 0,096 -0,905 0,313 -0,953 0,340
2530 0490 0,240 -3,490 -1,570 -5,164 0,000
2209 0518 0268 -3.224 -1.193 -4,264 0,000
1,537 0,416 0,173 -2,351 -0,722 -3,698 0,000
2,041 0460 0211 -2,942 -1,140 -4,441 0,000
41,182 0,383 0,147 -1,933 -0,431 -3,084 0,002
0,540 0,297 0,088 -1,122 0,042 -1,818 0,069
0,840 0,315 0,099 -1,457 -0,224 -2,672 0,008
41,291 0425 0,181 -2,125 -0,458 -3,036 0,002
2181 0452 0,204 -3,066 -1,296 -4,831 0,000 -
0648 0459 0210 -1,547 0251 -1,412 0,158 -
1,067 0478 0,228 -2,003 -0,130 -2,232 0,026
1,488 0,473 0,224 -2,415 -0,560 -3,144 0,002
1,704 0499 0,249 2,682 -0,725 -3,412 0,001
1,733 0525 0,275 2,761 -0,705 -3,305 0,001
20273 0335 0,112 -0,929 0,384 -0,814 0,415 -
1,284 0325 0,106 -1,921 -0,647 -3,951 0,000
1,605 0469 0,220 -2,525 -0,685 -3,420 0,001
41,123 0,439 0,193 -1,984 -0,262 -2,557 0,011
41480 0505 0,255 -2,469 -0,491 -2,932 0,003
0,000 0,408 0,167 -0,800 0,800 0,000 1,000
1,826 0564 0,318 -2,931 -0,722 -3,240 0,001 -
41,032 0,085 0,007 -1,198 -0,866 -12,187 0,000 ¢

-8,00 4,00 0,00 4,00 8,00
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Figure 3. Standardized mean differences on stride length between Parkinson and healthy individuals. CI
confidence interval, Std diff standardized difference.

by H&Y plays a significant role in the swing phase time difference between PD and healthy groups (p: 2.535; 95%
CI0.084-4.987 p=0.042; R?=0.57). Therefore, the higher the H&Y values, the higher is the difference between
swing phase time in PD compared with healthy groups. Conversely, the UPDRS exert a significant influence
on the swing phase difference between PD and healthy groups (B: —0.149; 95% CI —0.247 to —0.052 p=0.002;
R?>=0.67). The difference between PD and healthy groups decreased with increasing severity of PD (Table 1).

Meta-analysis of hip ROM. Data concerning hip ROM were available from 3 studies, which compare hip ROM
of PD versus healthy group in 76 participants. Meta-analysis demonstrated that hip ROM is 5.29 degrees reduced
in PD compared with healthy groups (ES: —0.860; 95% CI —1.333 to —0.388 p<0.001; I*: 0%) (Supplementary
material 2.0).

Meta-analysis of knee ROM. Data concerning knee ROM were available from 2 studies, which compare knee
ROM of PD versus healthy groups in 52 participants. Meta-analysis showed that knee ROM did not differ
between PD and healthy groups (ES: —1.033; 95% CI —2.564 to 0.498; p =0.186; I%: 82%) (Supplementary mate-
rial 2.1).

Meta-analysis of ankle ROM. Data concerning ankle ROM were available from 3 studies, which compare ankle
ROM of PD versus control groups, in a total of 76 participants. Meta-analysis demonstrated that ankle ROM did
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Study name Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper
in means error Variance limit limit Z-Value p-Value
Arias & Cudeiro [35] 0.064 0374 0.140 -0.669 0798 0.172 0.864
Azulay et al. [36] 1545 0403 0.162 -2.334 -0.755 -3.835 0.000 —+—
Bhatt et al. [38] 0533 0455 0207 -1.425 0359 -1.171  0.241
Bond & Morn’s [40] 0035 0408 0.167 -0.765 0836 008 0.931
Bugalho et al. [42] 0205 0242 0.059 -0679 0270 -0.845 0.398
Caetano et al. [43] 0588 0511 0261 -1.589 0413 -1.152 0.249
Castagna et al. [44] 0236 0366 0.134 -0954 0482 -0.644 0.520
Chen et al. [45] 0675 0420 0.176 -0.148 1497 1607 0.108
Cole et al. [46] 0412 0347 0120 -1.091 0268 -1.188 0.235
Cole et al. [47] -0.142 0226 0.051 -0.585 0302 -0.626 0.531
Danoudis & lansek [48] 0222 0313 0.098 -0.836 0393 -0.707 0.480
De Nunzio et al. [49] 0670 0382 0.146 -1418 0078 -1.754 0.079
Dillmann et al. [52a] 0096 0296 0087 -0484 0675 0324 0.746
Dillmann et al. [52b] 0182 0285 0082 -0.378 0742 0637 0.524
Ebersbach et al. [53] 0533 0263 0.069 -1.048 -0.018 -2.029 0.042
Egerton et al. [54] 1.083 0339 0115 0419 1.747 3.198 0.001 ——
Eltoukhy et al. [55] -0.075  0.465 0216 -098 0836 -0.162 0.872
Esser et al. [56] 1405 0461 0213 -2.308 -0.501 -3.047 0.002 -+
Galletly & Brauer [60] -0.167 0354 0.125 -0.861 0527 -0.471 0638
Hackney & Earhart [61] 0328 0163 0027 0008 0648 2006 0.045
Hackney & Earhart [62] 0250  0.163 0027 -0070 0569 1532 0.126
Jaywant et al. [64] 0569 0289 0.083 -1.135 -0.003 -1.971 0.049 —5
Kimmeskamp & Hennig [65] 0323 0291 0084 -0.892 0247 -1.111 0.266 -
Latt et al. [67] 1131 0265 0070 0612 1651 4267 0.000 —-
Lewis et al. [68] 0312 0380 0.145 -0433 1.057 0820 0.412 —l—
Lin et al. [69] 0667 0419 0.176 -0.156 1489 1580 0.112 +—i—
Lohnes & Earhart [70] 0072 0427 0182 -0.908 0.764 -0.168 0.867 ——
Lowry et al. [71] 0431 0431 0.186 -0414 1276 00999 0.318 —l—
Maggioni et al. [72] -0.458 0383 0.147 -1.209 0292 -1.197 0.231 —
Mak [73] 0695 0390 0.152 -0070 1460 1.781 0.075 —il—
Mak et al. [74] 0640 0388 0.151 -1.401 0.121 -1.647 0.100 —i—
McNeely et al. [75] -0.503 0314 0098 -1.118 0.112 -1.603 0.109 1
Morris et al. [77] 0563 0416 0173 -1.379 0253 -1.353 0.176 B
O'Shea et al. [78] 0678 0375 0.141 -1414 0058 -1.805 0.071 1
Peppe et al. [24 -0.865 0390 0.152 -1630 -0.100 -2217  0.027
Rafferty et al. [81] 0259 0293 0.086 -0.834 0315 -0.885 0376 —!h_
Roiz et al. [83] 0142 038 0.150 -0.618 0903 0367 0.713
Salazar et al. [84 41304 0395 0.156 -2.078 -0.529 -3.299  0.001 —l—
Sofuwa et al. [86] 0656 0432 0.187 -1.503 0.191 -1518 0.129 :l:-
Stolze et al. [87] 0649 0439 0.193 -1.510 0212 -1.477 0.140 -
Tramonti et al. [88] 0409 0452 0204 -1295 0476 -0.905 0.365 —-—
Turcato et al. [90] 0316 0335 0.112 -0.342 0973 0941 0.347 -l
Van Wegen et al. [91] 1229 0507 0258 0234 2223 2421 0.015 ——|
Vieregge et al. [93] 0915 0312 0098 -1527 -0.303 -2.932 0.003 —i—
Vitério et al. [95] -0.343 0411 0.169 -1.149 0463 -0.833 0.405 —iH—
Willems et al. [97] -1.022 0476 0226 -1.954 -0.090 -2.149  0.032 ——
Xu et al. [98] 1422 0528 0278 -2.456 -0.387 -2.694 0.007 —1—
Yang et al. [99] 0229 0339 0.115 -0.894 0436 -0.675 0.500
Zhang et al. [102] -0.066 0397 0.158 -0.844 0713 -0.165 0.869
Zhou et al. [100] -0.029 0408 0167 -0.829 0.771 -0.071 0.944
Zijistra et al. [101] 1257 0519 0269 -2.274 -0241 -2425 0015 -+
0212 0084 0007 -0.377 -0.048 -2.528 0.011
-4.00 -2.00 0.00 2.00 4.00
Parkinson higher Parkinson lower
than healthy than healthy

Figure 4. Standardized mean differences on gait cadence between Parkinson and healthy individuals. CT
confidence interval, Std diff standardized difference.

not differ between PD and healthy groups (ES: - 0.216; 95% CI - 0.896 to 465; p =0.534; I: 53%) (Supplementary
material 2.2).

Meta-analysis of hip angle at initial contact. Data concerning hip angle at initial contact were available from
3 studies, which compared hip angle at initial contact of PD versus control groups in a total of 70 participants.
Meta-analysis demonstrated that hip angle at initial contact did not differ between PD and healthy groups (ES:
—1.023; 95% CI —2.291 to 0.245; p=0.114; I*: 83%) (Supplementary material 2.3).

Meta-analysis of knee angle at initial contact. Data concerning knee angle at initial contact were available from
3 studies, which compared the knee angle at initial contact of PD versus healthy group, in a total of 70 partici-
pants. Meta-analysis showed that knee angle at initial contact did not differ between PD and healthy groups (ES:
0.210; 95% CI —0.395 to 0.814; p=0.496; I: 35%) (Supplementary material 2.4).

Meta-analysis of ankle angle at initial contact. Data concerning ankle angle at initial contact were available
from 3 studies, which compared the ankle angle at initial contact of PD versus control groups in a total of 70
participants. Meta-analysis showed that the ankle angle at initial contact did not differ between PD and healthy
groups (ES: 0.188; 95% CI —0.290 to 0.666; p=0.440; I*: 0%) (Supplementary material 2.5).
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Discussion

To the best of our knowledge, this is the first meta-analysis of published studies regarding the spatiotemporal
and lower limb angles during SSWS on people with PD compared with healthy control subjects. The main results
agree with our hypotheses showing that SSWS, stride length, cadence, double support, swing time and sagittal hip
angle were different in people with PD compared with healthy control participants. In some cases, the method
of evaluation of walk can influence these variables. Furthermore, the present study strongly contributes to the
literature regarding PD gait characteristics, addressing measures that were not yet elucidated, such as (1) speed is
0.17 m s™! reduced, (2) stride length is 0.16 m reduced, (3) cadence is 1.75 step min ™" higher; (4) double support
time is 1.79% longer, (5) swing time is 1.76% reduced, and (vi) hip sagittal ROM is 5 degrees reduced in people
with PD compared with the healthy control group.

Spatiotemporal variables. Walking speed is an essential parameter of functional activities in daily life.
Also, the walking speed test is a practical method useful for monitoring people’s mobility with PD*. In this
review, using 69 studies, we observed that PD SSWS is 0.17 m s™! slower than healthy control group. Possibly, the
bradykinesia and rigidity associated with physical inactivity may be a contributing factor, but the studies did not
measure these outcomes®. The slower walking speeds are associated with mortality, hospitalization, frailty, and
risk of falling?*. Creaby and Cole'* revealed that reduced walking speeds denote a compensation strategy to avoid
fallings, causing alterations, especially in spatiotemporal variables in individuals with PD**.

Gait speed is strictly related to stride length and cadence. Our systematic review with metanalysis showed that
individuals with PD walk slower than healthy controls through a largely reduced stride length (0.16 m) despite
showing higher cadence. Therefore, the relation stride length versus cadence is altered in PD which disagrees
with previous findings that found this relationship unaltered®. Importantly, the cadence is similar between PD
and healthy control during walking on the treadmill. The similarity is probably due to imposed treadmill speed
(less-ecological task). These different results due to walking conditions need to be considered during rehabilita-
tion interventions. One consequence of these changes is the reduced external mechanical work, mainly due to
shorter stride length and reduced hip excursion'’.

The findings of double support and swing time may be associated with gait instability in people with PD. In
Peppe and collaborators’ study®, the long double support time was attributed to an inability to transfer weight
in preparation for stepping adequately. In addition, swing time was reduced in people with PD compared with
healthy control group, probably due to reduced walking speed, reduced stride length and higher cadence and
double support time, resulting in reduced dynamical stability of gait in PD. Further, we found that level of
disease progression affected the swing time. While the general scale of disease progression (H&Y) shows an
increase in differences for swing time between PD individuals and healthy controls according to the severity of
motor symptoms, the motor scale of disease progression (UPDRS) surprisingly showed a reduction of these dif-
ferences according to the disease severity. This intriguing finding needs further consideration in future studies
to understand the causes of this discrepancy. It has been suggested to include more sensitive measurements to
associate the PD stage and their consequences on gait pattern”. Although double support time and swing time
have been impaired, the step width remains unchanged, showing that lateral margins of stability are maintained
in PD. These temporal alterations of gait are considered strategies of the neural system to reduce the risk of falls,
allowing an enhanced postural control®.

The walking speed was reduced between individuals with PD and without PD in both free and treadmill walk-
ing conditions. Despite the reduction was 0.17 m s in overground and 0.13 m s™* in treadmill, both conditions
can detect differences in that important marker of functionality. In general, the SSWS is reduced in treadmill
compared with overground because most protocols using treadmill does not allow people to select their speed
initially but instead choose one for them and then let them go up down from there®.

Mostly, gait alterations in people with PD occur at the early disease stage, evolving from uni to bilateral
alteration?. The participants evaluated from the studies were somewhat homogeneous and, therefore, resulting
in poor relation between disease stage and gait performance. Future studies in this field should include advanced
staging and young PD as well as analysis with ON and OFF state of medication'.

Angular variables. In addition to the spatiotemporal variables, angular measurements are relevant to char-
acterize the walking pattern. The pelvic rotation, tilt and lateral oscillation, knee flexion in stance phase, foot
on heel-strike and toe-off are determinants to recovery energy and avoid compensations during walking®. The
present study showed that only the range of hip motion was reduced (5°) during SSWS for individuals with PD
compared to controls, while the knee and ankle ROM remained unaltered. The reduced hip excursion is prob-
ably accompanied by a reduced knee extension in the terminal stance phase!®. Additionally, there is a reduced
activity of gastrocnemius medial and higher activity of tibialis anterior, accompanied by a higher co-contraction
of these ankle muscles during gait'2. These changes influence adequately transfer weight in preparation for step-
ping and it can reflect in a higher metabolic cost of walking!®!>%.

No differences in knee and ankle sagittal ROM and hip, knee and ankle angles at initial contact were found
between people with PD compared with healthy control group. However, DiPaola et al.'® found that knee ROM
is critical, influencing the pendular mechanism of walking. Few studies analyzed these variables, therefore pre-
cluding the meta-regression analysis. The walking parameters in individuals with PD may be improved, and
the variables that showed alterations in the present study should be the focus of rehabilitation and exercise
interventions®*2. For example, some interventions like dance and Nordic walking have the potential to improve
gait biomechanics and energetics in people with PD. These exercise modalities combine auditory stimulus,
rhythmicity with direction changes, and large joint excursions®**.
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A significant contribution of the present analysis to the literature is comparing gait between people with
relatively low disease severity in ON state of medication and healthy control group, which showed quantitatively
how the variables differ from people with PD and healthy group. It was possible to affirm that SSWS, stride length,
swing time, hip sagittal ROM are reduced and cadence and double support are higher during gait in people with
PD. These findings can support health professionals to monitor the interventions to improve the gait parameters.

Finally, we highlight the first systematic review with sensitivity analysis and meta-regression that measured the
differences in the gait of people with PD compared with healthy control groups. The high heterogeneity of some
comparisons is a limitation of the present study. However, in general, the studies showed high methodological
quality. Besides, more original studies are needed to explore the possible alterations in angular parameters. Our
findings using treadmill protocols to evaluate gait biomechanics in PD individuals are preliminary, and further
research is required to address this issue. This review selected studies with the ON phase of medication because
these populations usually do the daily life in this phase of medication. Thus, more investigations are needed to
explore the role of medication on gait.

Conclusion

The present meta-analysis showed that people with PD have differences in gait characteristics compared with
healthy control group. Different evaluation methods can influence some biomechanical parameters, though the
PD’s main alterations are sensible in overground and treadmill setups. Based on our results, the subjects were
homogeneous and meta-regression analysis showed that age, disease duration, H&Y and UPDRS, in general,
did not exert influence over walking biomechanics.
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