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Abstract
Parkinson’s disease (PD) is the fastest growing neurodegenerative disease, but disease-modifying or preventive treatments are 
lacking. Physical activity is a modifiable factor that decreases the PD risk and improves motor symptoms in PD. Understand-
ing which dimensions of gait performance correlate with physical activity in PD can have important pathophysiological and 
therapeutic implications. Clinical/demographic data together with physical activity levels were collected from thirty-nine 
PD patients. Gait analysis was performed wearing seven inertial measurement units on the lower body, reconstructing the 
subjects’ lower body motion using 3D kinematic biomechanical models. Higher physical activity scores were significantly 
correlated with MDS-UPDRS part III scores (r = − 0.58, p value = 9.2 × 10−5), age (r = − 0.39, p value = 1.5 × 10−2) 
and quality-of-life (r = − 0.47, p value = 5.9 × 10−3). Physical activity was negatively associated with MDS-UPDRS part 
III scores after adjusting for age and disease duration (β = − 0.08530, p value = 0.0010). The effect of physical activity on 
quality-of-life was mediated by the MDS-UPDRS part III (62.10%, 95% CI = 0.0758–1.78, p value = 0.022). The level of 
physical activity was correlated primarily with spatiotemporal performance. While spatiotemporal performance displays 
the strongest association with physical activity, other quality-of-movement dimensions of clinical relevance (e.g., smooth-
ness, rhythmicity) fail to do so. Interventions targeting these ought to be leveraged for performance enhancement in PD 
through neuroprotective and brain network connectivity strengthening. It remains to be ascertained to which extent these 
are amenable to modulation.
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Introduction

Parkinson’s disease (PD) is the fastest growing neurodegen-
erative disease and its prevalence and socioeconomic burden 
are expected to double by 2040 (GBD 2016 Parkinson’s Dis-
ease Collaborators et al. 2018). While multiple symptomatic 
treatments are available, disease-modifying or preventive 
treatments are still lacking. Physical activity is a modifiable 

factor well known for its pleiotropic effects across a wide 
range of bodily functions and age-related phenomena, being 
a core part of the managing guidelines for conditions such 
as diabetes and cardiovascular diseases (Adamopoulos et al. 
2019; Colberg et al. 2016). In the setting of PD models, pre-
clinical studies have shown that physical training has both 
significant preventive and therapeutic effects against the 
development of parkinsonism via mechanisms not limited 
to changes in dopaminergic neurotransmission (Smith and 
Zigmond 2003; Petzinger et al. 2007). Moreover, exercise 
engagement has been shown to decrease the risk of PD in 
humans subjects when experienced in moderate to vigorous 
levels (e.g., tennis, biking, swimming, or heavy housework 
practice ~ 7 h per week) (Chen et al. 2005; Xu et al. 2010). 
In turn, in patients with an already established PD diagnosis, 
physical activity improves not only motor function but also 
non-motor symptoms and overall quality-of-life, providing 
a neuroprotective role that translates into attenuated disease 
progression (Amara et al. 2019; Mantri et al. 2018; Corcos 
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et al. 2013). Mechanistically, it has been recently demon-
strated that a 6-month-long trial of aerobic exercise (station-
ary home-trainer) increases functional connectivity between 
the anterior putamen and the sensorimotor cortex and within 
the frontoparietal network in proportion to the improvements 
in one’s physical capacity in an interventional study with 
130 PD patients (Johansson et al. 2021). With PD being a 
neurodegenerative disease of older adulthood and with the 
worldwide population projected to significantly age in the 
upcoming years, physical activity-based interventions seem 
to be extremely well placed as inexpensive, first line disease-
modifying approaches. Results from other studies have pro-
vided encouraging results supporting the protective effects 
of physical exercise not only in the context of PD but also 
well into the realms of old age, whereby physical activity has 
been shown to counteract the positive association between 
age-related neuropathology and motor function deterioration 
(Elbaz et al. 2013; Fleischman et al. 2015).

Leveraged by inertial sensor-based 3D kinematics, in the 
present study we aimed to quantify the strength of asso-
ciation between physical activity engagement, motor symp-
toms and quality-of-life in PD, and to identify which dimen-
sions of gait significantly correlate with physical activity 
engagement.

Methods

Participants, clinical and demographic data

A total of 39 PD patients diagnosed according to the Move-
ment Disorders Society (MDS) Clinical Diagnostic Criteria 
for PD with a Hoehn and Yahr stage ≤ 3 were recruited from 
our Movement Disorders outpatient clinic (Centro Hospita-
lar de Lisboa Ocidental, Lisbon, Portugal) between Janu-
ary and August 2021 (summary descriptive statistics may 
be found in Table 1). This study was approved by the local 
ethics committee and carried out according to the local insti-
tutional guidelines (Centro Hospitalar de Lisboa Ocidental, 

Lisbon, Portugal) and in agreement with the Helsinki Decla-
ration. Verbal and written informed consents were obtained. 
The recruitment was carried out throughout the COVID-19 
pandemic, having significantly impacted the outpatient clini-
cal practice due to the imposed lockdowns, social distancing 
guidelines and with the patients often missing consultation. 
Patients with known orthopedic conditions that significantly 
caused gait deficits as per investigator judgement, major gait 
impairments due to conditions other than PD or dementia 
(MMSE < 24 with impairment on activities of the daily liv-
ing) were excluded from the study. Clinical and demographic 
data collected included age at baseline, age at disease onset, 
disease duration, educational attainment, medications, lev-
odopa equivalent daily doses (LEDD), MDS-UPDRS part 
III score, weight and height. Quality-of-life impairment 
was assessed using the Parkinson's Disease Questionaire-8 
(PDQ-8) scale, where higher values correspond to higher 
compromises (i.e., lower quality-of-life). Physical activ-
ity was assessed using the Physical Activity Scale for the 
Elderly (PASE) scale, a self-reported questionnaire to assess 
the frequency, intensity, and duration of leisure, household-
related or work/volunteering-related overall physical activ-
ity, where higher scores correspond to higher physical activ-
ity. None of the study participants was engaged in leisure/
recreational activities, with the PASE scale. As such, any 
differences in physical activity scores are a direct reflection 
of employment status and house chores engagement and the 
study population is thus rather homogeneous in rather to the 
physical activity “source”. In addition, the MDS-UPDRS-
III scores were deconstructed into its sub-scores for rigidity 
(item 3.3), bradykinesia (sum of items 3.4–3.8 and 3.14), 
tremor (sum of items 3.15–3.17) and axial signs (sum of 
items 3.1 and 3.10–3.12) (Fabbri et al. 2016, 2019).

Kinematics data collection

Gait analysis was performed with the patient in the ON 
medication state wearing a set of 7 inertial measurement 
units (IMUs) (Xsens, Technologies B.V. Enschede, Nether-
lands) on the lower body while walking three times at a self-
selected speed along a ten-meter-long corridor (sampling 
rate: 120 Hz), as previously described (Alberto et al. 2021). 
The sensors were fixed onto the pelvis, thighs, calves and 
feet with Velcro elastic bands and the axes orientation was as 
follows: X pointing downwards, Y pointing to the right and 
Z pointing backwards. Data were collected and Kinetikos 
CE-marked cloud-based platform (Kinetikos, Coimbra, Por-
tugal) was used to reconstruct participant lower body motion 
using 3D kinematic computer model of the skeletal system, 
as previously described(Alberto et al. 2021). The recon-
structed models consisted of the representation of the sub-
ject’s lower extremities and respective joints and comprised 
a total of 13 degrees-of-freedom (DOF). The hip was a ball 

Table 1   Clinical and demographic data of the study participants

Mean SD SEM Median

Age (y) 68.77 12.08 1.934 47
UPDRS III 38.21 12.1 1.937 52
PASE 89.41 72.22 11.56 286.8
Educational attainment (y) 8,.706 4.869 0.8343 16
Age at onset (y) 61.33 12.31 1.971 49
Disease duration (y) 7.436 3.339 0.5346 13
LEDD 695.1 442.8 70.91 1973
BMI 26.05 5.109 0.8636 21.60
PDQ-8 26.24 18.04 3.141 63
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and socket joint (3 DOF). Both knees and ankles had a sin-
gle DOF each that consisted of a revolute joint (1 DOF + 1 
DOF). Each joint’s coordinate system matches the Interna-
tional Society of Biomechanics (ISB) recommendations.

Data analysis

Data analysis was performed in R (version 4.0.4) and Graph-
Pad (8.4.3) and a more in-depth description is available at 
(https://​github.​com/​Le-​bruit-​de-​nos-​pas/​PASE_​3D_​Kinem​
atics_​Gait_​Biome​chani​cs). A total of 44 kinematic features 
(11 spatiotemporal, 9 non-linear, 10 angular and velocity-
related, 8 variability and 6 asymmetry features) were cal-
culated based on the 3D biomechanical reconstruction of 
patient gait. For parameters with a bilateral nature (i.e., left 
and right knee flexion velocity), only the clinically defined 
worst side was considered. These features are in Supplemen-
tary Figs. S1, S2, S3, S4 and S5 individually depicted and 
a summary table describing these variables can be found in 
Supplementary Table S1.

Correlations were assessed using Spearman correlation. 
Whenever relevant, multiple linear regression was employed 
for statistically adjusting for covariates. Mediation analysis 
was performed by combining linear regression models and 
feeding them into Causal Mediation Analysis with Nonpara-
metric Bootstrap (1000-fold) using the R "mediation” pack-
age. Unstandardized indirect effects were computed for each 
of the 1000 bootstrapped samples and the 95% confidence 
interval (CI) was computed by determining the indirect 
effects at the 2.5th and 97.5th percentiles.

To characterize patient gait across multiple movement 
dimensions at a subclinical level in a more objective and 
comprehensive way over a continuous range of values, kin-
ematic feature reduction, unsupervised Principal Component 
Analysis (PCA) and accompanying analyses were performed 
using the “caret”, “factoextra”, “MASS” and “ROCR” pack-
ages in R. PCA was performed, the corresponding scree plot 
was generated and a total of 10 principal components were 
retained according to the Kaiser’s criterion (eigenvalues > 1), 
explaining a cumulative variance of 87% (Supplementary 
Fig. S6). Dimensionality reduction was thus applied to the 
original kinematic dataset and the respective loadings of 
each variable on each principal component were computed 
(Supplementary Fig. S7). Subsequently, to maximize the 
variance of the identified gait dimensions and thus improve 
data interpretability, Varimax rotation was performed by 
orthogonally rotating the loadings matrix with Kaiser nor-
malization (i.e., re-scaling to unit length prior to rotation 
and scaling back afterwards) using the “varimax” function 
of the R “stats” package. Individual patient scores of these 

lower-dimensional space variables/factors were correlated 
back with each patient’s own PASE score as to identify 
which “quality-of-movement” dimensions significantly cor-
relate with physical activity engagement.

Results

Physical activity is negatively associated with motor 
symptoms severity and self‑reported quality‑of‑life

Thirty-nine patients consisting of 24 males and 15 females 
with an average of 68.8 years old and mean disease dura-
tion of 7.4 years were evaluated (clinical and demographic 
details may be found in Table 1). The levels of physical activ-
ity (i.e., PASE scores) were significantly associated with the 
MDS-UPDRS part III scores (r = − 0.58, p value = 9.2 × 10–5), 
younger age (r = − 0.39, p value = 1.5 × 10–2) and quality-of-
life impairment (r = − 0.47, p value = 5.9 × 10–3), but not with 
disease duration (Fig. 1A and Supplementary Fig. S8). When 
querying which motor features assessed by the MDS-UPDRS 
part III were significantly correlated with the physical activity 
level, an overall trend towards diminished scores with higher 
levels of physical activity across all motor sub-scores was 
observed, but it only reached statistical significance in the case 
of axial symptoms (r = − 0.42, p value = 0.0137, Fig. 1B). Of 
note, the study population was balanced when it comes to PD 
phenotype, with 15 patients being tremor-dominant (TD) and 
15 postural instability/gait difficulty (PIGD) (9 undetermined). 
The association between PASE and MDS-UPDRS part III 
scores remained significant after adjusting for age and disease 
duration (β = − 0.08530, p value = 0.0010).

The effect of physical activity on quality‑of‑life 
is mediated via the MDS‑UPDRS part III

MDS-UPDRS part III scores were positively correlated with 
quality-of-life impairment (r = 0.52, p value = 2.1 × 10–3, 
Fig. 1A). In order to fully dissect the effect of physical activ-
ity onto quality-of-life, a structural equation model mediation 
was employed. Causal Mediation Analysis has revealed that 
the effect of physical activity on quality-of-life was medi-
ated via the MDS-UPDRS part III scores. Accordingly, the 
average causal mediation effect (i.e., the effect mediated by 
the MDS-UPDRS part III scores) was statistically signifi-
cant, revealing that the causal effect of physical activity on 
quality-of-life goes through the MDS-UPDRS part III media-
tor (Estimate = − 0.0642, 95% CI = − 0.1368 to − 0.01, p 
value = 0.022). The average total effect of physical activity 
onto quality-of-life was − 0.1034 (95% CI = − 0.1792 to 
− 0.05, p value = 2 × 10−16), with 62.10% of it being mediated 
by the MDS-UPDRS part III mediator (95% CI = − 0.0758 to 
1.78, p value = 0.022, Fig. 2A).

https://github.com/Le-bruit-de-nos-pas/PASE_3D_Kinematics_Gait_Biomechanics
https://github.com/Le-bruit-de-nos-pas/PASE_3D_Kinematics_Gait_Biomechanics
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Not all dimensions of self‑paced gait are associated 
with physical activity

Scale-based assessment of motor symptoms in PD does 
not fully capture features of motor performance at sub-
clinical levels, as these may be too subtle and/or complex 
for physician-based detection and quantification. As such, 
we have complemented clinical assessment with 3D kin-
ematics gait analysis. In doing so, strong correlations with 
physical activity were found at individual feature level, 
with a relatively small group (14/44, 31.8%) of movement 

sub-components significantly modulated by the physical 
activity level (Supplementary Fig. S9). Accordingly, step 
width, stride time variability, center-of-mass in the verti-
cal axis, anterior–posterior entropy, step time variability, 
double support time and double support time asymmetry 
are significantly decreased in patients with higher levels 
of physical activity, while hip flexion mean velocity, hip 
flexion range of motion, speed, knee angle mean velocity, 
step width variability, stride length and ankle angle mean 
velocity are significantly increased among patients with 
higher physical activity scores (Supplementary Fig. S10). 
Overall, physical activity seemed to be most strongly cor-
related with spatiotemporal gait parameters as evaluated by 
displacement-related dimensions (e.g., speed, stride length) 
and joint range-of-movement, while failing to do so at the 
level of overall walking smoothness, rhythmicity or dynamic 
stability, as observed by the relatively small influence over 
harmonic ratios and most asymmetry scores. However, many 
of these individual kinematic features may be colinear and 
redundant, have significantly overlapping contributions and 
the dissection of exact individual gait feature/quality con-
tributions, thus called for gait analysis on a lower dimen-
sionality space.

To uncover which dimensions of motor performance are 
most strongly associated with physical activity, PCA was 
performed to deal with the high correlation / co-linearity 
between different kinematic features (Supplementary Figs. 
S6 and S7). In doing so, the original kinematic variables 
were projected into a reduced set of new variables that 

Fig. 1   Scatter plots for selected raw clinical and demographic values 
with Spearman’s coefficients and respective p values (A). Sub-plot 
(B) represents the MDS-UPDRS part III breakdown into its motor 
subs-cores and respective correlation with the Physical Activity 

Scale for the Elderly (PASE) scores. Shaded areas correspond to a 
local polynomial regression fitting (loess). For the entire correlation 
matrixes, please refer back to Supplementary Fig. S8

Fig. 2   Mediation analysis results revealing how the impact of physi-
cal activity on quality-of-life “goes through” its effect over motor 
function as assessed by the MDS-UPDRS part III scale
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result from a combination of the original variables but in 
an orthogonal fashion as to reduce the amount of redun-
dant information. In other words, we have reconstructed 
the data according to a new set of variables that explains 
the maximal amount of variance in the data. The indi-
vidual patient scores on each of these newly extracted/
identified orthogonal gait dimensions were correlated back 
with each patient’s own physical activity score. In doing 
so, it was observed that only PC1 significantly correlated 
with physical activity scores (followed by PC2, PC7 and 
PC8, Fig. 3A). When querying which domains of move-
ment “quality” most heavily contributed to each of these 
new orthogonal variables (i.e., principal components), it 
was observed that these dimensions consisted primarily of 
spatiotemporal features (Fig. 4). However, several other 
domains of movement “quality” (predictability, variabili-
ties or asymmetries) failed to display a significant asso-
ciation with general physical activity as assessed by the 
PASE scale (Fig. 4).

Discussion

We have herein demonstrated that the level of physical 
activity is significantly associated with motor symptom 
severity and quality-of-life in PD, being most strongly 
associated with axial features at a clinical level and cor-
related primarily with spatiotemporal gait performance 
at a kinematic level. The stronger correlation between 
axial features and physical activity is in line with previ-
ous cross-sectional and longitudinal studies (Bryant et al. 
2016; Amara et al. 2019). As the axial symptom burden 
is a particularly robust indicator of disease progression 
and milestone event occurrence, these data underscore the 
putative impact physical activity may have on PD. How-
ever, compared to previous cohorts, physical activity in the 
present cohort was considerably lower (Mantri et al. 2018, 
2019), which may partially reflect the impact of current 
public health restrictions, with several patients represent-
ing recent retirees or otherwise experiencing significantly 
impaired engagement in activities outside their residential 
place. Accordingly, the impact of the COVID-19 pandemic 
and associated lockdowns in PD has been recently quanti-
fied in the country, whereby the COVID-19 confinement 
translated into significantly decreased mobility (walking 
minutes/day) among PD patients (Vila-Viçosa et al. 2021). 
Likewise, the COVID-19 lockdown has also been recently 
shown to lead to a dramatic reduction in physical activity 
as assessed by PASE scores among older adults (Huber 
et al. 2021).

As a complement to scale-based rating, inertial sensor-
based 3D kinematics was herein employed to ascertain a 
more unbiased and complete view of motor function (in 
addition to motor symptoms) with a higher resolution. 
While gait assessment in a non-ecological environment 
may not perfectly capture gait performance otherwise 
experienced during activities of the daily living in ambu-
latory settings (Galperin et al. 2019; Mazzà et al. 2021), 
the approach herein employed has nonetheless been proven 
insightful even when performed in clinical/laboratorial 
settings (Di Lazzaro et al. 2020; O’Day et al. 2022; Lukšys 
and Griškevičius 2022). In doing so, spatiotemporal fea-
tures were shown to correlate the most with physical activ-
ity levels. In turn, many other gait dimensions of clinical 
relevance seem not to be significantly associated with self-
reported physical activity scores (e.g., step length or swing 
time asymmetries, anterior–posterior or medio-lateral har-
monic ratios, speed or double support time variabilities). 
These last gait parameters reflecting gait smoothness, 
variability or predictability have important diagnostic 
and prognostic value. For instance, compared to that of 
age-matched controls, the gait of PD patients has been 
reported significantly less smooth, more variable and less 

Fig. 3   Effect size plot for the correlation between physical activity as 
assessed by the Physical Activity Scale for the Elderly (PASE) scores 
and each principal component (P1 to P10) score (A). Statistical sig-
nificance is indicated as < 0.05 *, < 0.01 ** or < 0.001 ***
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predictable (Coates et al. 2020; Fling et al. 2018; Orcioli-
Silva et al. 2020). In PD patients, gait smoothness deserves 
further scrutiny because its deterioration is associated 
with an increased risk of falls (Latt et al. 2009) and freez-
ing events (Hausdorff et al. 2003). In the non-PD elderly 
population, a higher risk of falls and a higher incidence 
of depression have also been documented with higher gait 
variability (Stergiou et al. 2020; Hausdorff et al. 2001; 

Herman et al. 2005). All in all, one is tempted to assume 
that striving for higher smoothness, rhythmicity and pre-
dictability of gait could be of particular relevance. In the 
setting of stroke, it has been shown that the improvements 
in gait symmetry brought about by physical rehabilitation 
are mediated by increases in connectivity between brain 
regions and between the brain and musculoskeletal sys-
tem (Chen et al. 2019). At the same time, we know that 

Fig. 4   Factor loadings of each 
kinematic variable after varimax 
rotation. Only values ≥ 0.4 are 
shown. RC rotated component
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changes in functional connectivity after exercise in PD 
patients are intensity-dependent (Shah et al. 2016), and 
that fostering such connectivity translates into decreased 
disease severity (Chung et al. 2020).

Self-reported activity as herein evaluated does not 
correlate well with moderate to vigorous physical activ-
ity in patients with PD (Mantri et al. 2019). Alternative, 
more complex and intense interventions (e.g., cue-guided 
balance training (Lowry et al. 2010)) would probably be 
necessary to modulate specific gait dimensions such as 
variability, predictability and smoothness that. On the one 
hand, these do capture a significant amount of the total 
variability across subjects (Fig. 4 and Supplementary Fig. 
S6). On the other hand, these may have important prog-
nostic value.

Lastly, we should acknowledge that the direction of cau-
sality between the association of physical activity level, 
motor symptoms and quality-of-movement cannot be 
inferred from the data presented. It remains to be inquired 
whether alterations in the physical activity truly translate 
into improvements in motor symptoms and quality-of-life, 
or if the reverse is true (i.e., if patients with milder disease 
phenotypes experience higher exercise engagement). None-
theless, as recently reiterated, it is possible to maintain mod-
erate-to-vigorous levels of physical activity even in more 
advanced stages of disease progression and it is the decline 
in physical activity that accounts for decreased motor perfor-
mance (von Rosen et al. 2021). In all likelihood, these two 
phenomena feed into each other in a positive feedback loop. 
Regardless, the strong correlations herein reported between 
physical activity, motor symptoms and gait performance 
may be taken advantage for the management of PD motor 
symptoms and general motor performance. Overall, because 
physical activity has been shown to modulate brain circuity 
connectivity, to attenuate disease progression and to account 
for motor performance, physical activity-based interventions 
may be very well placed as disease-modifying approaches.

Conclusion

Spatiotemporal performance correlates the most with self-
reported physical activity in PD. Higher physical activity 
levels are significantly associated with milder symptoms and 
improved quality-of-life. Many other quality-of-movement 
dimensions of clinical relevance (e.g., smoothness, rhyth-
micity) do not display a strong association with non-specific 
physical activity, so that specific interventions targeting 
these ought to be leveraged for motor improvement in PD.
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