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Abstract

Background Reduced arm swing movements during gait are an early motor manifestation of Parkinson’s disease
(PD). The clinical evolution, response to L-Dopa and pathophysiological underpinning of abnormal arm swing
movements in PD remain largely unclear. By using a network of wearable sensors, this study objectively assesses arm
swing movements during gait in PD patients across different disease stages and therapeutic conditions.

Methods Twenty healthy subjects (HS) and 40 PD patients, including 20 early-stage and 20 mid-advanced subjects,
underwent a 6-m Timed Up and Go test while monitored through a network of wearable inertial sensors. Arm swing
movements were objectively evaluated in both hemibodies and different upper limb joints (shoulder and elbow),
using specific time-domain (range of motion and velocity) and frequency-domain measures (harmonics and total
harmonic distortion). To assess the effects of L-Dopa, patients under chronic dopaminergic therapy were randomly
examined when OFF and ON therapy. Finally, clinical-behavioral correlations were investigated, primarily focusing on
the relationship between arm swing movements and cardinal L-Dopa-responsive motor signs, including bradykinesia
and rigidity.

Results Compared to HS, the whole group of PD patients showed reduced range of motion and velocity, alongside
increased asymmetry of arm swing movements during gait. Additionally, a distinct increase in total harmonic
distortion was found in patients. The kinematic changes were prominent in the early stage of the disease and
progressively worsened owing to the involvement of the less affected hemibody. The time- and frequency-domain
abnormalities were comparable in the two joints (i.e.,, shoulder and elbow). In the subgroup of patients under chronic
dopaminergic treatment, L-Dopa restored patterns of arm swing movements. Finally, the kinematic alterations in arm
swing movements during gait correlated with the clinical severity of bradykinesia and rigidity.

Conclusions Arm swing movements during gait in PD are characterized by narrow, slow, and irregular patterns.
As the disease progresses, arm swing movements deteriorate also in the less affected hemibody, without any
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joint specificity. The positive response to L-Dopa along with the significant correlation between kinematics and
bradykinesia/rigidity scores points to the involvement of dopaminergic pathways in the pathophysiology of abnormal

arm swing movements in PD.

Keywords Parkinson’s disease, Arm swing, Wearable sensors, Bradykinesia, Rigidity

Introduction

Patients with Parkinson’s disease (PD) may manifest an
impairment of arm swing movements which become
slow and reduced in range and amplitude [1-4]. Abnor-
mal arm swing movements often occur early in PD and
frequently lead patients to prompt their first medical
assessment [5]. The early and asymmetric presentation
of abnormal arm swing movements may give the appear-
ance of gunslingers to PD patients, with one hand swing-
ing freely and the other fixed and near the holster [6].
Despite several previous investigations, the detailed and
systematic characterization of clinical and kinematic fea-
tures of abnormal arm swing movements in PD is still
lacking [2]. Moreover, the pathophysiological underpin-
ning of abnormal arm swing movements in PD remains
unclear. Further advances in the field would require
a more systematic investigation of arm swing move-
ments in a large cohort of PD patients through advanced
methodologies.

A possible approach is to apply a network of wear-
able sensors to achieve detailed kinematic data, includ-
ing information on the range, amplitude, velocity, and
movement frequency [7, 8]. Wearable sensors are accu-
rate tools for measuring physiological and pathologi-
cal movement patterns both in laboratory and domestic
environments [9-11]. Wearable devices are ideal tools
to examine arm swing movements unobtrusively in PD
patients [12].

Previous studies adopting wearable technologies to
assess arm swing movements in PD reached controver-
sial findings concerning the overall clinical evolution of
arm swing movements over the disease progression [13,
14]. Furthermore, none has clarified whether abnormal
arm swing movements in PD show specific topographic
changes across the major upper limb joints. It is well
established that motor symptoms in PD can respond
differently to treatment depending on the affected body
region. For instance, appendicular regions generally show
a better response to levodopa than axial regions [15].
Regarding arm swing, alterations in shoulder dynamics
(reflecting the motor control of the most proximal por-
tion of the upper limb, which plays a key role in initiating
and coordinating movement) have been well documented
in PD [2]. In contrast, far less attention has been given to
elbow movement alterations, limiting our understand-
ing of how the involvement of specific joints affects
arm swing mechanics during gait. Moreover, whether
dopaminergic therapy improves arm swinging in PD is

still controversial as well as the contribution of cardinal
L-Dopa-responsive motor signs, including bradykinesia
and rigidity [13, 16, 17]. To clarify the pathophysiology
of abnormal arm swing movements in PD, it would be
necessary to systematically address all the above-men-
tioned unresolved questions by applying innovative tech-
niques and new analytical approaches in a large cohort of
PD patients, in different disease stages and therapeutic
conditions.

In this study, we instrumentally evaluated arm swing
movements in a large cohort of PD patients and age-
matched healthy subjects (HS), using a network of wear-
able sensors. To assess the contribution of disease stage,
we compared kinematic data between early and mid-
advanced PD patients. Still, to verify whether abnor-
mal arm swing movements reflect specific topographic
changes, we assessed body asymmetry and different
upper-limb joints, including shoulder and elbow. Fur-
thermore, to clarify the impact of dopaminergic therapy,
we compared patients under and not under L-Dopa.
Lastly, to further unveil the pathophysiological under-
pinning of abnormal arm swing movements in PD, we
investigated the contribution of bradykinesia and rigidity
to abnormal arm swinging by assessing clinical-behav-
ioural correlations. In addition to the standard analysis
of the range and velocity of arm swing movements, we
also performed a frequency-domain analysis of all kine-
matic data, integrating information about the rhythm
and cadence of motion. Frequency-domain variables are
underexplored measures reflecting dynamic change and
smoothness of movements, thereby potentially provid-
ing new pathophysiological insights on arm swing move-
ments in PD [18].

Materials and methods

Subjects

Forty PD patients and twenty age-matched healthy sub-
jects (HS) were recruited in the Movement Disorders
outpatient clinic of Sapienza University of Rome, IRCCS
Neuromed Institute and Tor Vergata University of Rome,
Italy. The sample size was calculated based on an error
margin of 20-30%, derived from available data from small
studies on HS, with a target 95% confidence interval [19].
All participants were enrolled according to the following
inclusion criteria: diagnosis of idiopathic PD based on
current consensus criteria and follow-up clinical evalua-
tions [20]; Hoehn and Yahr scale (H&Y) <3 [21]; 3) ability
to maintain the upright stance and walk independently;
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absence of disabling L-Dopa-induced dyskinesia, demen-
tia (i.e., Montreal Cognitive Assessment— MoCA >23 [22,
23]) and comorbidities affecting gait or arm movements.
The patients were divided into two subgroups based on
the disease stage: 20 subjects with a recent diagnosis of
PD and no previous exposure to L-dopa (early PD), and
20 patients with longer disease duration under chronic
dopaminergic treatment (mid-advanced PD). All early PD
underwent longitudinal follow-up for a minimum of two
years after the study enrolment to evaluate their response
to dopaminergic therapy and rule out the development of
atypical features. All patients underwent a clinical assess-
ment through a battery of standardized scales. In detail,
we employed the H&Y scale, the Movement Disorders
Society-unified Parkinson’s Disease Rating Scale part III
(MDS-UPDRS-III) [24], MoCA and Frontal Assessment
Battery (FAB) [25]. Mid-advanced PD patients were eval-
uated in two sessions according to the therapeutic condi-
tion: OFF (i.e., after drug withdrawal for at least 12 h) and
ON state of therapy (i.e., one hour after taking the 150%
of their usual L-Dopa dose). We calculated the L-Dopa
equivalent daily dose (LEDD), according to standardized
procedures, in all mid-advanced PD patients [26]. Table 1
and 2 summarizes patients’ demographic and clinical
features. All the enrolled subjects have given written
informed consent to the study which was approved by
the institutional review board following the Declaration
of Helsinki.

Experimental setting

Motor task

All participants were asked to perform a modified
“Timed Up and Go” test (TUG test) [27] while wearing
a network of wearable sensors. Accordingly, subjects
were asked to rise from an armchair, walk forward at a
comfortable speed for 6 m, turn around, walk back to
the chair, and sit down. The gait task was illustrated to
each participant by a health professional. Patients were
not explicitly instructed to swing their arms during the
walking tasks to allow for natural gait patterns. The par-
ticipants repeated the modified TUG test twice. Two tri-
als were performed to increase the number of recorded
events, balancing patient tolerance and minimizing
fatigue, which could introduce bias, especially in indi-
viduals with advanced motor impairment. Mid-advanced
PD performed two separate evaluations according to the
therapeutic state (OFF and ON state).

Kinematic data acquisition

For the kinematic evaluation, we adopted five lightweight
(<20 g each), small (4 cm x 3 cm x 1.5 cm) wearable
devices (Movit G1 system by Captiks Srl, Rome, Italy),
positioned on the trunk and upper limbs of each partici-
pant, as shown in Fig. 1. To assess the clinical progression
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Table 1 Demographic and clinical features of participants (mean and standard deviation)

LEDD

MDS-UPDRS-III

OFF

FAB

MoCA

H&Y
OFF

Disease duration

Height BMI

Age

Participants

ON

ON

1654 (11.5) 25.1

65.2(9.3)

20

HS

(3.0

19.3

15.8(1.6)

26.6 (2.1)

14(0.5)

1.7

25.0(2.1)

168.6 (7.6)

20 61.1(8.9)

Early PD

(5.1

(1.3)

43

502.9(219.9)

17.6

15.7 (1.9)

26.7 (1.8)

1.9

2.2(04)

243 (3.3)

70.6 (8.1) 169.9 (10.6)

20

Mid-advanced PD

(8.0)

(9.9)

(0.3)

(4.2)
FAB, Frontal Assessment Battery; HS, healthy subjects; H&Y, Hoehn and Yahr scale; LEDDs, L-Dopa Equivalent Daily Dose; MoCA, Montreal Cognitive Assessment; MDS-UPDRS-IIl, Movement Disorder Society - Unified

Parkinson’s Disease Rating Scale part lll; PD, Parkinson'’s disease
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Table 2 Kinematic data of arm swing movements (median and interquartile range)
HS PD Early PD Mid-advanced PD
OFF ON
Shoulder ROM 2261 15.05 14.58 16.92 20.26
(14.09) (11.84) (9.04) (12.18) (14.78)
Shoulder velocity 69.42 55.85 49.74 61.18 67.41
(40.40) (28.93) (23.29) (37.41) (66.46)
Elbow 13.70 7.01 77 6.79 841
ROM (6.63) (441) (5.01) (4.48) (9.66)
Elbow 5549 35.67 37.40 34.08 40.46
velocity (26.10) (17.71) (17.13) (18.04) (39.37)
Shoulder Asym 0.23 040 041 0.35 0.30
(0.20) (0.27) 0.27) (0.30) (0.28)
Elbow Asym 041 046 0.51 045 0.36
(0.33) (0.30) (0.36) (0.19) (0.34)
THD, 0.25 0.28 0.29 0.26 0.27
(0.25) 0.24) (0.36) (0.18) 0.17)
THD: 037 0.53 0.53 0.53 0.46
(0.02) (0.38) (0.57) (0.31) (0.31)
Asym-THD, 0.08 0.11 012 0.11 0.07
(0.19) (0.16) (0.30) (0.13) (0.13)
Asym-THD 0.10 0.15 0.19 0.17 0.10
(0.15) (0.28) (0.55) (0.27) (0.25)

Asym-, asymmetry index; HS, healthy subjects; OFF, not under dopaminergic therapy; ON, under dopaminergic therapy; ROM, range of motion; PD, all enrolled PD
patients; THD,, total harmonic distortion of the upper arm; THDg, total harmonic distortion of the forearm

Fig. 1 Wearable sensors placement. Arm swing movements were recorded using five sensors positioned on the forearms (52, S5), upper arms (53, 54),

and trunk (S1)

of arm swing movements according to body topography,
two distinct devices were placed over the upper arms and
forearms allowing for the separate recording of move-
ments at the shoulder and elbow joints. Each Movit
G1 hosted inertial measurement units with a triaxial
accelerometer and a triaxial gyroscope, validated to the
optoelectronic gold standard system (Vicon, by Oxford
Metrics) [28], to collect kinematic data (i.e., accelera-
tion, angular velocity, and orientation) from different

anatomic segments. The accelerometer configuration was
to +8 g with 16.384 least significant bit per g (LSB/g) sen-
sitivity and the gyroscope to +2000°/s with 32.8 LSB/°/s
sensitivity. Signals were acquired at a sampling rate of
52 Hz and sent to a receiver connected to a laptop. All
data were processed with a dedicated program named
Motion Studio (by Captiks Srl, Rome, Italy). To avoid
artifacts, obtained signals were filtered with a six-order
low-pass elliptic filter with a cut-off frequency of 3 Hz.



Patera et al. Journal of NeuroEngineering and Rehabilitation

Moreover, the recorded signal length was standardized
at 1024 samples, to guarantee the same frequency reso-
lution for each recording. All data were processed with
Matlab (by Matworks).

Outcome measures

The sensor-based outcome measures encompassed both
time-domain and frequency-domain measurements.
For both the time- and frequency-domain analysis, we
considered the more affected side of PD patients (i.e.,
the side with the highest MDS-UPDRS-III score). Both
sides of the body were considered only for calculating the
asymmetry index. In the case of HS, where slight asym-
metry may exist [19], we accounted for the side with the
lower shoulder range of motion (ROM).

Concerning the time-domain analysis, the following
spatiotemporal parameters were extracted: (i) ROM of
the shoulder and elbow; (ii) arm swing velocity of the
shoulder and elbow (shoulder velocity and elbow velocity,
respectively), calculated as the median value of the peak
velocity of each oscillation; (iii) asymmetry index of the
shoulder and elbow (shoulder Asym and elbow Asym,
respectively), calculated as the difference in angular flex-
ion range between the wider and the smaller arm swing
divided by the larger value (Iv%) [29].

Regarding the frequency-domain analysis, after per-
forming a Fast Fourier Transform (FFT) on gyroscope
data, we obtained the oscillation spectrum of specific
arm segments. The first harmonic is the fundamental fre-
quency, representing the main swing velocity of the arm
during gait. If the arm swing is perfectly sinusoidal like a
pendulum, the spectrum consists only of the fundamen-
tal frequency. The presence of higher harmonics indicates
signal distortion and suggests some restraints limiting
arm oscillation. This model applies to any swinging arm
segment, allowing us to extract harmonic contents from
both the upper arm and forearm. In our frequency-based
analysis, we extracted the amplitude of the fundamental
harmonics of the upper arm and forearm, as well as the
second and third harmonics. To understand the abnor-
mal frequency content distribution in participants, we
calculated the “total harmonic distortion” (THD) for
both the upper arm (THD,) and forearm (THDy), as the
ratio of the sum of the higher harmonics’ amplitudes to
the fundamental. Variations in the frequency content of
movement signals reflect changes in dynamics, such as
acceleration, deceleration, and direction changes. Tem-
poral aspects are also encoded in the frequency domain.
Lower THD suggests more coordinated and rhythmic
upper limb movement during walking, while higher val-
ues may indicate less regular and smooth movement
patterns.

To evaluate any degree of asymmetry between the
THD of both sides, we calculated the THD asymmetry
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index, for both shoulder and elbow. The THD asymmetry
index was calculated as the difference between the THD
of each side.

Statistical analysis

Since our data did not meet the assumptions of para-
metric tests, including normal distribution at the Sha-
piro-Wilk test, we adopted non-parametric tests for
statistical analysis. Specifically, the Kruskal-Wallis test
and the Mann-Whitney U test were used to compare
anthropometric data (age, height, BMI) and clinical fea-
tures (disease duration, H&Y, MDS-UPDRS-III, MoCA,
FAB) among participants. The Kruskal-Wallis test and
the Mann-Whitney U test were also used to compare
kinematic data among subgroups (HS vs. all PD; HS vs.
early PD; HS vs. mid-advanced PD; early PD vs. mid-
advanced PD - multiple independent groups and contin-
uous, non-normally distributed variables). The Wilcoxon
signed-rank test was used to investigate the effect of
dopaminergic treatment on clinical features (e.g., MDS-
UPDRS-III) and to compare kinematic measurements in
mid-advanced PD, OFF and ON states (dependent and
non-normally distributed variables). Finally, the Spear-
man rank correlation test was used to assess possible
correlations between kinematic data and the sum of all
upper limb MDS-UPDRS-III sub-items for rigidity, bra-
dykinesia, and tremor (i.e., items 3.3, 3.4, 3.5, 3.6, 3.15,
3.16, 3.17) as well as the specific score for each of the
cardinal motor signs of PD, assessed as follows: MDS-
UPDRS-III item 3.3 for upper limb rigidity; the sum of
items 3.4, 3.5, and 3.6 (i.e., “arm bradykinesia composite
score”) for bradykinesia (ordinal and non-normally dis-
tributed variables). For all analyses, p-values less than
0.05 were deemed statistically significant (two-tailed).
To control for false discovery rate due to multiple com-
parisons (HS vs. all PD; HS vs. early PD; HS vs. mid-
advanced PD; early PD vs. mid-advanced PD) and ensure
reliable results while minimizing Type I errors, the Ben-
jamini-Hochberg correction was applied. We applied the
Benjamini-Hochberg correction also in the correlation
analyses. Lastly, the Clift’s Delta effect size and rank-bise-
rial correlation coefficient were used to assess the effect
sizes for comparisons between independent groups (HS,
all PD, early PD, mid-advanced PD) and dependent vari-
ables (mid-advanced PD OFF and ON state of therapy),
respectively.

Results

Clinical features

The demographic and anthropometric variables were
comparable between HS and PD patients, and between
early PD and mid-advanced PD (all p>0.05) except for
older age in mid-advanced PD than early PD (U=78.5,
p=0.001). While MoCA and FAB scores were comparable
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among the two subgroups of patients (p>0.05), mid-
advanced PD showed higher disease duration (U=97,
p=0.004), H&Y (U=72.5, p<0.001), and MDS-UPDRS-
III OFF (U=53.5, p<0.001) than early PD. Finally, the
MDS-UPDRS-III significantly improved with the dopa-
minergic therapy, as demonstrated by lower scores in PD
patients ON than those OFF state (U=606; p <0.001).

Onset and progression

Considering the time-domain analysis, significant dif-
ferences were found in shoulder ROM (H(z) =8.824,
p=0.012), shoulder velocity (Hg=6.430, p=0.04),
elbow ROM (Hy =13.598, p=0.001) and elbow velocity
(Hg)=12.646, p=0.002). More in detail, the whole cohort
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of PD patients showed lower shoulder ROM (U=216,
p=0.004, corrected p=0.008, r=0.372), shoulder veloc-
ity (U=258, p=0.026, corrected p =0.05, r=0.287), elbow
ROM (U=165, p<0.001, corrected p=0.002, r=0.425)
and elbow velocity (U=175, p<0.001, corrected p =0.002,
r=0.425) than HS (Fig. 2a-d). When comparing HS and
early PD, shoulder ROM (U=94, p=0.004, corrected
p=0.008, r=0.455), shoulder velocity (U=105, p=0.01,
corrected p=0.04, r=0.407), elbow ROM (U=79,
p=0.001, corrected p=0.002, r=0.520) and elbow veloc-
ity (U=70, p<0.001, corrected p=0.002, r=0.520) were
lower in patients than controls. Similar results were
found when comparing HS and mid-advanced PD, OFF
state. Indeed, mid-advanced PD OFF state showed lower
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Fig. 2 Time-domain analysis of arm swing movements. The figure depicts the spatiotemporal parameters of arm swing movements in healthy subjects
(HS) and all patients with Parkinson’s disease (PD). (@) Shoulder range of motion (ROM) comparison; (b) Elbow ROM comparison; (c) Shoulder swing veloc-
ity comparison; (d) Elbow swing velocity comparison; (e) Shoulder asymmetry comparison; (f) Elbow asymmetry comparison. Error bars represent the

standard deviation. *p <0.05, **p <0.01
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shoulder ROM (U=122, p=0.035, corrected p=0.046,
r=0.333), elbow ROM (U=86, p=0.002, corrected
p=0.003, r=0.489), elbow velocity (U=105, p=0.01, cor-
rected p=0.013, r=0.407) than HS. Also, the compari-
son between early PD and mid-advanced PD OFF state
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showed no differences in time-domain measures (all
p>0.05) (Fig. 3a-d).

Concerning frequency-domain parameters, signifi-
cant differences were found among subgroups for THD;
(H(;)-8.718, p=0.013). By contrast, THD, did not show
significant differences (H,_1.260, p =0.533). Specifically,

(b)

Elbow
50 F
40 B *%
[r————
g 30 f e
2
20 F
o
0
HS PDDN PDOF,E PDON
d
@ Elbow
150
o
o, *
>
5 *%
o 100 | —
o
>
£ |
> 50 T
C
<<
0
HS PDDN PDOF,E PDON
f
® Elbow
0.8F
g 06 F
: |
g
£ 04F
>
7]
<
0.2F
0
HS PDDN PDOFF PDON

Fig.3 Subgroup time-domain analysis of arm swing movements. The figure depicts the spatiotemporal parameters of arm swing movements in healthy
subjects (HS) and subgroups of patients with Parkinson’s disease, including drug naive early-stage patients (PDp,), mid-advanced PD patients under
(PDgy) and not under (PDqgp) dopaminergic therapy. (a) Shoulder range of motion (ROM) subgroup comparison; (b) Elbow ROM subgroup comparison;
(c) Shoulder swing velocity subgroup comparison; (d) Elbow swing velocity subgroup comparison; (e) Shoulder asymmetry subgroup comparison; (f)
Elbow asymmetry subgroup comparison. Error bars represent the standard deviation. *p < 0.05, **p <0.01
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the whole cohort of PD patients showed higher THD;
(U=1408, p=0.003, corrected p=0.040, r=0.383) than
HS (Fig. 4b). THD was also higher in early PD (U =500,
p=0.015, corrected p=0.030, r=0.385) as well as mid-
advanced PD, OFF state (U=508, p=0.008, corrected
p=0.030, r=0.419) than in HS (Fig. 4d). Lastly, when
comparing early PD with mid-advanced PD, OFF state,
no significant differences in frequency parameters were

found (p > 0.05) (Fig. 4c-d).

Body topography: asymmetry and joint specificity
When examining asymmetry indices in the time-
domain analysis, shoulder Asym significantly differed
(H@)=6.520, p=0.038) while elbow Asym was similar
(Hp)=2.540, p=0.281) among subgroups. Specifically,
shoulder Asym was higher in the whole cohort of PD
patients than HS (U=241, p=0.012, corrected p=0.030,
r=0.324) (Fig. 2e). Similarly, early PD also presented
higher shoulder Asym than controls (U=111, p=0.015,
corrected p=0.030, r=0.385), while no differences were
found in asymmetry indices between HS and mid-
advanced PD, OFF state of therapy (all p>0.05) (Fig. 3e).
Concerning the frequency-domain analysis, again
significant differences were found in the Asym-THD;
(Hp)=4.889, p=0.027), but not in the Asym-THD,
(H)=0.498, p=0.480). More in detail, Asym-THDg
was higher in the whole cohort of PD patients than HS
(U=1361, p=0.028, r=0.284) (Fig. 4b). Similarly, early
PD also presented higher Asym-THD; than controls
(U=489, p=0.034, r=0.335). However, after applying
the Benjamini-Hochberg correction for repeated mea-
sures, these comparisons no longer reached statistical
significance (both corrected p=0.068). No differences
were found in asymmetry indices between HS and mid-
advanced PD, OFF state (all p>0.05) (Fig. 4e).

The effects of L-Dopa

No significant differences were found both in time- and
frequency-domain measures, including asymmetry indi-
ces, between HS and mid-advanced PD ON state as well
as between early PD and mid-advanced PD ON state (all
p>0.05) (Figs. 3a-f and 4c-f).

When comparing mid-advanced PD OFF and ON
states, L-Dopa increased shoulder ROM (Z=38, p=0.011,
r=0.402) and shoulder velocity (Z=47, p=0.030,
r=0.343) in mid-advanced PD ON state of therapy, while
did not change other time-domain measures, includ-
ing asymmetry indices (p>0.05) (Fig. 3a-f). Concerning
the frequency-domain analysis, L-Dopa reduced THD;
(=158, p=0.048, r=0.313), while no effects of L-Dopa
were observed on THD, or in the THD asymmetry con-
tent (p>0.05) (Fig. 4c-f).
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Clinical-behavioral correlations

The overall motor impairment of the upper limb, assessed
by the MDS-UPDRS-III, demonstrated negative correla-
tions with shoulder ROM (p=-0.396, p <0.001, corrected
p=0.002), shoulder velocity (p=-0.346, p=0.002, cor-
rected p=0.004), elbow ROM (p=-0.451, p<0.001, cor-
rected p=0.002), and elbow velocity (p=-0.448, p <0.001,
corrected p =0.002), and positive correlations with THD ,
(p=0.373, p<0.001, corrected p=0.002), and THD;
(p=0.331, p=0.003, corrected p=0.005). Furthermore,
the severity of upper limb rigidity (subitem 3.3 of the
MDS-UPDRS-III) exhibited inverse correlations with
shoulder ROM (p=-0.221, p=0.049, corrected p =0.049),
shoulder velocity (p=-0.250, p=0.026, corrected
p=0.032), elbow ROM (p=-0.250, p=0.025, corrected
p=0.032), elbow velocity (p=-0.233, p=0.038, corrected
p=0.043), and positive correlation with THD; (p=0.222,
p=0.047, corrected p=0.049). Additionally, the severity
of upper limb bradykinesia (i.e., arm bradykinesia com-
posite score) correlated negatively with shoulder ROM
(p=-0.347, p=0.002, corrected p =0.004), shoulder veloc-
ity (p=-0.288, p=0.01, corrected p=0.014), elbow ROM
(p=-0.454, p<0.001, corrected p=0.002), elbow velocity
(p=-0.364, p=0.001, corrected p=0.002), whereas it was
positively associated with THD, (p=0.398, p<0.001,
corrected p=0.002), and THD; (p=0.325, p=0.003, cor-
rected p=0.005).The main clinical-behavioral correla-
tions are illustrated in Fig. 5.

Discussion
In this study, the application of a modern network of
wearable sensors coupled with advanced analytical
approaches allowed us to demonstrate that PD patients
manifest early alterations in arm swing movements, both
in terms of time-domain (i.e., range and velocity of move-
ment) and frequency-domain changes (i.e., harmonic
distortion). Furthermore, we have clarified the clinical
evolution of this disorder, showing how it changes across
different disease stages and according to body topog-
raphy. Lastly, we have provided new pathophysiologi-
cal insights into abnormal arm swing movements in PD
by clarifying the response to dopaminergic therapy and
the relationship with cardinal L-Dopa-responsive motor
signs of the disease, including bradykinesia and rigidity.
The strict clinical inclusion criteria and methodologi-
cal precautions adopted in this study allowed us to avoid
confounding possibly leading to misinterpretation of
results. First, we excluded patients presenting conditions
other than PD and likely affecting arm swing movements
during gait, such as orthopedical and rheumatologi-
cal comorbidities, and cognitive impairment. Second,
according to the well-known impact of ageing on arm
swing dynamics [30], we recruited age-matched control
subjects ensuring comparability in our study population.
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Lastly, we evaluated patients in the ON state of therapy
after administering 150% of the usual L-Dopa dose to
exclude that arm swing movements responsiveness to
dopaminergic stimulation requires higher doses than
those used for improving cardinal motor signs in PD.

Arm swing movements in PD: clinical onset and
progression

PD patients manifested altered arm swing movements
during gait compared to HS. In line with previous lit-
erature, our results confirm the presence of diminished
shoulder ROM [14, 31-34] and swing velocity in arm
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swing of PD patients [32, 35]. Furthermore, these changes
occur early throughout the disease and persist in mid-
advanced stages, as demonstrated by the comparison of
HS with early PD and mid-advanced PD, OFF state. The
early reduction of ROM and velocity of arm swing move-
ments we found is fully in line with time-domain mea-
sures reported in preliminary studies in small cohorts of
patients with early PD [1, 13, 36]. Therefore, our observa-
tions suggest decreased upper limb mobility during gait
in PD. To our knowledge, our study is the first to analyze
the harmonic content of arm swing during gait in PD
patients. By reflecting the dynamic changes of move-
ments, our innovative frequency-domain analysis pro-
vided further evidence of abnormal arm swinging during
gait in PD in addition to the static time-domain features.
Indeed, we found that a distinct increase of the THD¢
occurred in the whole cohort of PD patients, as well as in
early PD and mid-advanced PD, OFF state, compared to
HS. This finding points to a lack of upper limb movement

rhythmicity and smoothness in PD patients during walk-
ing suggesting impaired synchronization of arm swing
movements with gait.

When specifically investigating the impact of dis-
ease progression, arm swing movements on the more
affected body side did not change between early and mid-
advanced PD patients. This observation is in agreement
with a previous study showing comparable arm swing
ROM and velocity in PD patients with different disease
stages [14]. Notably, in this research, all the examined
gait parameters worsened according to the disease pro-
gression except for arm swing ROM and velocity [14].
This observation suggests that, following the first occur-
rence of abnormal arm swing movements, the more
affected body side does not worsen further in PD. Hence,
as the disease progresses, abnormal arm swinging during
gait endures with reduced amplitude, diminished veloc-
ity, and decreased smoothness, as evidenced by both
spatiotemporal measurements and frequency-domain
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features. This finding might suggest that the disruption of
the dopaminergic pathway alone might not be sufficient
to explain the arm swing reduction in PD. More complex
networks, such as supraspinal projections or intraspi-
nal interneuronal circuits, may stabilize the progressive
alteration of arm swing movements along disease pro-
gression, as previously suggested [37, 38].

Under physiological conditions, arm swing move-
ments are not merely passive pendulum-like motions
of the upper limbs but reflect the activation of distinct
motor sequences [39]. As in quadrupedal gait, the human
bipedal gait displays a distinct four-limb pattern, with
arm swinging occurring in anti-phase with lower limb
oscillations at the same frequency. By producing propul-
sive forces, optimizing stability, and minimizing energy
consumption, arm swinging enhances the biomechanical
efficiency of the human gait [40]. Accordingly, the kine-
matic abnormalities we reported in our cohort of patients
may substantially affect gait and overall mobility in PD
[41-44] by disrupting walking rhythm and coordination
and leading to irregular gait patterns as well as increased
risk of falls [45].

Body topography: asymmetry and joint specificity
Compared to HS, the whole group of PD patients mani-
fested an asymmetrical pattern of arm swing movements,
as shown by the time- domain analysis. More in detail,
PD patients exhibited a reduced amplitude of arm swing-
ing during gait predominantly on one body side, in line
with previous studies [5, 33, 46]. Although the kinematic
changes were evident in the whole cohort of PD patients,
when considering the two patients’ subgroups, we con-
firmed increased asymmetry only in early PD. While
a certain level of asymmetry is linked to physiological
ageing [47, 48], our findings support asymmetrical arm
swing movements as a distinct characteristic of the early
stages of PD [1, 13, 35, 46, 49, 50]. Fully consistent with
this hypothesis, previous authors have proposed arm
swing asymmetry as a potential prodromal indicator of
PD which is present even in pre-symptomatic subjects
carrying LRRK2 genetic mutations [51]. Asymmetrical
arm swing movements might also contribute to the dif-
ferential diagnosis of parkinsonian syndromes since atyp-
ical parkinsonisms are usually associated with a more
symmetrical pattern of arm swinging during gait [52].
However, it should be considered that some non-neu-
rological conditions, like the frozen shoulder syndrome,
can result in noticeable unilaterally reduced arm swing
movements during gait [53].

As the disease progresses, arm swing movements also
deteriorate on the less affected body side, as indicated
by similar asymmetry indices between mid-advanced
PD and HS. This finding aligns with the well-known pro-
gression of motor symptoms in PD, initially manifesting
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unilaterally and then spreading to the contralateral hemi-
body and axial regions, ultimately resulting in a more
symmetric distribution of motor impairment [5, 54, 55].
Asymmetric arm swing movements in PD could stem
from the imbalanced nigro-striatal degeneration in the
two hemispheres at the disease onset [56, 57]. Hence,
the decreased asymmetry in arm swing movements in
mid-advanced patients may reflect the progression of
nigro-striatal degeneration to a more homogeneous and
bilateral involvement [58, 59]. Nevertheless, most PD
patients usually present a mild asymmetric distribution
of motor symptoms even in more advanced stages of the
disease [60]. Indeed, despite a trend towards reduced
asymmetry indices and similar parameters to HS, our
mid-advanced PD did not exhibit statistically significant
differences in these measures compared to the early PD.

Concerning upper-limb joint specificity, we found con-
cordant time- and frequency-domain measures at shoul-
der and elbow joints during gait, both in early PD and
mid-advanced PD, except for an increased harmonic dis-
tortion in forearm movements (THDy) possibly reflect-
ing restrained mobility due to the typical elbow flexed
posture in PD. Overall, the findings we reported in our
cohort of PD patients point to a similar contribution of
shoulder and elbow changes in abnormal arm swinging
during gait at disease onset as well as in more advanced
stages of the disease. Accordingly, our results highlight
the need for targeted rehabilitation strategies address-
ing not only shoulder dynamics but also elbow mobil-
ity, which could help improve gait symmetry and overall
motor function in PD patients while walking.

The effect of L-Dopa

L-DOPA improved arm swing movements during gait
in PD patients by increasing their ROM, velocity and
smoothness, suggesting that abnormal arm swinging in
PD reflects neurodegeneration in dopaminergic path-
ways, in agreement with some previous studies [13, 14,
37, 61]. Previous nuclear medicine investigations have
disclosed a direct correlation between dopaminergic
depletion in the nigro-striatal pathway and impairment
of arm swing movements in PD [31]. Moreover, we found
that L-Dopa does not change the degree of asymmetry
in mid-advanced PD, as previously suggested [14]. Nev-
ertheless, it should be considered that our mid-advanced
PD presented a pattern of symmetry comparable to HS
likely due to the progressive impairment of arm swing
movements in the less affected body side. We speculate
that since L-Dopa comparably acts on both hemibodies,
dopaminergic stimulation would not modify asymmetry
measures in mid-advanced PD. Accordingly, when evalu-
ating the degree of asymmetry in arm swing movements,
it is crucial to consider the patients’ disease stage. In line
with this observation, most previous researchers who
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have documented notable enhancements in arm swing
asymmetry primarily focused on patients in the early
stages of PD, where the asymmetry is more pronounced
[13, 32]. Lastly, we did not find differences between
shoulder and elbow joints in mid-advanced PD, OFF and
ON states, pointing to the beneficial effects of L-Dopa
regardless of body topography.

Pathophysiological implications

In our cohort of PD patients, we found a significant asso-
ciation between kinematic measures of arm swing move-
ments and cardinal L-Dopa responsive motor signs,
including bradykinesia and rigidity, in line with some
previous authors [17]. Our findings suggest that abnor-
mal arm swinging in PD reflects neurodegeneration in
dopaminergic pathways at least partly overlapping those
contributing to bradykinesia and rigidity [62]. In line
with this observation, previous studies found significant
correlations between arm swing asymmetry and dopa-
minergic striatal denervation via nuclear imaging [31].
Also, further supporting our hypothesis, L-Dopa admin-
istration restored abnormal arm swinging in PD patients
again pointing to the functional role of basal ganglia in
regulating amplitude, rhythm, and automaticity of arm
movements during human gait. Notably, a previous study
in patients treated with subthalamic nucleus DBS (STN-
DBS) has confirmed the pathophysiological involvement
of basal ganglia motor circuits in arm swinging during
gait in PD [37].

Arm swing movements represent a phylogenetically
preserved aspect of locomotion across mammals and,
specifically, primates representing an evolutionary adap-
tation from quadrupedal locomotion [63-66]. The com-
plex and stereotyped muscle contractions in human gait
mirror the synchronized movements seen in quadrupe-
dal locomotion, generated by spinal central pattern gen-
erators (CPGs) [67-69]. Experimental studies in animals
have induced walking motor patterns at the 4 limbs fol-
lowing electric stimulation of specific midbrain and cere-
bellar nuclei, in an intensity-dependent manner, strongly
demonstrating that specific supraspinal regions modu-
late spinal CPGs [70]. Among them, the mesencephalic
locomotor region (MLR), including the pedunculopon-
tine nucleus (PPN), integrates inputs from various brain
regions and activates in turn the reticulospinal pathway
that finally projects to spinal CPGs [3, 67, 71, 72]. In
PD, prior fMRI studies reported reduced basal ganglia
activity and increased cortical motor area activation in
patients with upper limb motor blocks and altered motor
timings [73-75]. Additionally, functional and structural
alterations have been found in the MLR and PPN, partic-
ularly in patients with more severe gait disturbances [76].
Accordingly, we speculate that the abnormal arm swing-
ing observed in PD would result from dopaminergic
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denervation-induced functional changes in the cortico-
basal ganglia-thalamo-cortical motor inputs to supraspi-
nal generators including the MLR, in line with previous
neuroimaging studies [71, 77-79].

When evaluating the present study some limitations
should be considered. First, our cross-sectional study
design cannot provide detailed information on disease
progression in PD as in the case of a longitudinal study.
Second, given that we did not systematically collect
nuclear medicine measures in our patients with PD, we
cannot provide direct evidence for our speculation about
the strict involvement of dopaminergic pathways in the
pathophysiology of abnormal arm swing movements
in PD. Lastly, our experimental setting did not allow us
to exclude the possible impact of participants’ attention
to their movement during direct medical observation.
Hence, to obtain more ecologically valid data, future
studies should examine arm swinging in PD patients in
real-world settings.

Conclusions

Using a network of wearable sensors and advanced ana-
lytical methods, the present study demonstrates that
abnormal arm swing movements during gait occur early
in PD, worsen along with disease progression by affect-
ing both body sides, and improve following L-Dopa.
Our observations, including the association with cardi-
nal L-Dopa responsive signs, support the involvement of
dopaminergic pathways in the pathophysiology of abnor-
mal arm swing movements in PD. Given that abnormal
arm swing movements directly impact the dynamic pos-
tural stability of gait and increase the risk of falls [80],
addressing this issue would promote a new rehabilitative
strategy in PD patients [41, 81, 82].
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