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Abstract

Background/Objectives: Spatio-temporal gait parameters have been proposed as surrogate
markers for objective, remote monitoring of global motor status in Parkinson’s disease
(PD). Our observational, cross-sectional pilot study tested whether gait metrics, derived
from wearable sensors, reflect dopaminergic responsiveness in both axial and appendic-
ular functions. Methods: Twenty-two PD patients were evaluated both under and not
under L-Dopa (ON and OFF states, respectively). Motor performance was assessed using
wearable inertial sensors during standardized tasks involving gait and upper/lower limb
movements. From the recorded kinematics, measures of movement amplitude, speed,
rhythm, and consistency were extracted, and dopaminergic response was compared in
appendicular and axial functions. Results: Treatment effects were more pronounced on the
more affected body side. Improvements in appendicular amplitude, speed, and consistency
closely matched those observed in spatio-temporal gait parameters. In contrast, rhythm
measures displayed a divergent pattern, with reduced gait cadence but increased hand
movement frequency, showing an inverse correlation. No significant correlations emerged
between axial and appendicular domains for amplitude, velocity, or consistency, whereas
improvements in step length and gait velocity were associated with MDS-UPDRS III motor
scores. Conclusions: These findings overall suggest that specific gait metrics, particularly
those reflecting amplitude and velocity, may provide reliable, sensor-based indicators of
overall motor status in PD, supporting their use in remote monitoring.

Keywords: Parkinson’s disease; gait; L-Dopa; wearable sensors

1. Introduction

Parkinson’s disease (PD) is a chronic, progressive neurodegenerative disorder char-
acterized by motor signs such as bradykinesia (i.e., reduction in the speed and amplitude
of voluntary movements), rigidity (i.e., increased muscle tone during passive joint mobi-
lization), and resting tremor (i.e., involuntary and rhythmic oscillation at rest) [1]. The
therapeutic cornerstone of PD remains dopaminergic replacement therapy, based on clini-
cal evaluation and the patient’s subjective report of daily motor fluctuations [1]. In early
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disease stages, this approach is generally sufficient, as motor performance observed dur-
ing in-clinic visits tends to reflect the patient’s real-life condition. However, with disease
progression, clinical management becomes increasingly challenging due to the emergence
of motor fluctuations (i.e., alternating ON states with improved mobility and OFF states
with re-emergence of motor symptoms) and L-Dopa induced dyskinesias (i.e., drug-related
involuntary movements) [2]. These fluctuations are closely tied to medication timing
and are often variable or unpredictable, complicating treatment adjustments and disease
control [3]. As a result, the therapeutic strategy in moderate-to-advanced PD commonly
relies heavily on patient-reported diaries, which attempt to capture symptom variability in
daily life [4]. While diaries offer the advantage of contextual insight, they are inherently
subjective, prone to recall bias, and limited in their ability to quantify symptom severity or
treatment response [5,6].

Over the last three decades, wearable technologies have emerged as promising tools
to objectively monitor motor issues in PD [7-11]. Among these, inertial measurement units
(IMUs) allow for accurate reconstruction of body movements through real-time motion
sensing. These devices are usually favored for their portability, ease of setup, and suitability
for free-living applications outside laboratory settings [12]. Several IMU-based systems
have received regulatory approval and are being integrated into clinical workflows [13].
Their use enables continuous, ecologically valid monitoring in real-world settings, captur-
ing motor function during daily activities, which provides a more comprehensive picture
than the time-limited hospital assessment [14-16]. Traditional assessment systems typically
employ multiple sensors (commonly ranging from 2 to 17 devices) placed on different
body segments [12]. To maximize usability and facilitate adoption of these technologies in
unsupervised settings by individuals without technical expertise, it is essential to minimize
the number of required sensors while preserving the sensitivity and clinical relevance of
the data collected. Among proposed strategies, gait monitoring via one or two IMUs has
gained traction, based on the hypothesis that gait dynamics can serve as a reliable marker
of overall clinical status [17-20]. Previous studies have shown that spatio-temporal gait
parameters, such as velocity, stride length and duration, are responsive to dopaminergic
therapy and vary according to motor states [21,22]. Furthermore, these parameters have
been linked to disease severity and progression, reinforcing their potential as surrogate
markers of motor function in PD [23-25]. However, gait represents a predominantly axial
function, and it remains unclear whether its dopaminergic responsiveness mirrors that of
appendicular (limb) motor tasks. Standard clinical assessments such as the MDS-UPDRS
distinguish between axial and appendicular motor domains (e.g., gait and postural insta-
bility vs. tremor, rigidity, and limb bradykinesia). This distinction is clinically relevant, as
axial and appendicular symptoms may follow different pathophysiological mechanisms
and therapeutic responses. To date, no study has systematically examined whether axial
and appendicular responses to dopaminergic therapy have overlapping trajectories, or
whether gait metrics alone can capture the broader spectrum of motor impairment in PD.
Exploring the relationship between gait parameters and appendicular motor measures may
therefore clarify whether gait metrics can serve as reliable clinical biomarkers of overall
motor status and provide a conceptual basis for reducing the number of sensors required
for long-term remote monitoring in PD.

In this observational, cross-sectional pilot study, we used wearable IMUs to objectively
assess whether gait-related parameters reliably capture the motor response across different
body segments in PD, focusing on movement amplitude, speed, rhythm, and consistency.
Accordingly, the primary objective was to compare the percentage improvement in axial
(gait and postural sway) and appendicular (e.g., hand and leg movements) functions
following dopaminergic therapy. As a secondary objective, we examined whether the



Biomedicines 2025, 13, 2727

3o0f14

percentage improvements were correlated, thereby exploring the extent to which gait
responsiveness reflects the broader motor benefit. We hypothesize that gait metrics may
serve as a robust and comprehensive indicator of overall motor status in PD, with potential
relevance for remote and home-based monitoring.

2. Materials and Methods

This observational, cross-sectional, pilot study was conducted following the guidelines
outlined in the “Strengthening the Reporting of Observational Studies in Epidemiology”
(STROBE) statement, ensuring adherence to standardized methodological and reporting
criteria (Supplementary Materials S1) [26].

2.1. Subjects and Clinical Evaluation

A cohort of 22 individuals with PD was prospectively enrolled at the Movement Disor-
ders outpatient clinic of Sapienza University of Rome, Italy. Inclusion criteria comprised a
diagnosis of idiopathic PD based on established international guidelines, Hoehn and Yahr
stage <3 [27], preserved independent ambulation and upright posture, absence of dementia
(as indicated by a MoCA score >23) [28], and no comorbidities interfering with gait or upper
limb motor function. Patients with atypical parkinsonism were excluded from the study.
Also, those with freezing of gait, defined as a brief, episodic inability or marked reduction
in forward progression of the feet despite the intention to walk, were excluded to ensure a
more homogeneous sample, given the substantial impact of this phenomenon on gait [29].
Comprehensive clinical evaluation was conducted using a standardized battery, including
the Hoehn and Yahr scale, the Movement Disorder Society—Unified Parkinson’s Disease
Rating Scale part III (MDS-UPDRS III), the Montreal Cognitive Assessment (MoCA), and
the Frontal Assessment Battery (FAB) [30]. Each participant was assessed in two motor
conditions: the OFF state, after overnight withdrawal from dopaminergic medications (at
least 12 h), and the ON state, approximately one hour after administration of 150% of their
usual morning dose of L-Dopa, consistent with prior studies employing supratherapeutic
challenges to characterize dopaminergic responsiveness [31-33]. The L-Dopa equivalent
daily dose (LEDD) was calculated according to established conversion methods [34]. None
of the patients were receiving medications other than dopaminergic therapy, including
any neuropsychiatric drugs, at the time of the study. Moreover, all patients were on stable
dopaminergic treatment for at least four weeks prior to participation. Demographic and
clinical characteristics of the cohort are reported in Table 1. All participants provided
written informed consent before inclusion, and the study received approval from the local
ethics committee of Sapienza University of Rome in accordance with the Declaration of
Helsinki (protocol code 0372/2022; date of approval: 10 May 2022).

Table 1. Demographic and clinical characteristics of patients with Parkinson’s disease (mean and
standard deviation).

MDS-UPDRS III

Disease Clinical

- A
Participants (N) ge Duration Hoehn and Yahr OFF ON Phenotype MoCA FAB LEDD
14 Males 13 AR
704£79 39+35 21+05 30.8+9.7 19.4+£10.1 6 Trem 255434 154 £25 513.2 +226.8
8 Females 3 Mixed

AR: akinetic/rigid phenotype; FAB: frontal assessment battery; LEDD: L-Dopa equivalent daily dose; MoCA:
Montreal cognitive assessment; Trem: tremor-dominant phenotype.

2.2. Experimental Procedures

Following the clinical assessment, all patients underwent a standardized instrumental
evaluation of motor performance based on specific motor tasks derived from selected items
of the MDS-UPDRS part III, targeting both appendicular and axial motor function.
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To assess appendicular motor abilities, the following tasks were performed (ten times
at maximal speed and amplitude, as specified in the corresponding MDS-UPDRS items):
(1) hand movements (rapidly tapping the hand while keeping the wrist in contact with a
flat surface, resembling item 3.5 of the MDS-UPDRS, namely hand opening and closing);
(2) pronation-supination movements of hands (item 3.6, requiring repetitive turning the
palm up and down alternately); (3) toe tapping (item 3.7, which involves rapidly tapping the
toes while the heel remains in contact with the ground); (4) leg agility (item 3.8, consisting
of repetitive up-and-down tapping of the foot while keeping the heel lifted) (Figure 1A).

7
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Figure 1. Experimental design. (A) Summary of the standardized motor tasks performed to assess
appendicular and axial motor functions. (B) Placement of wearable inertial sensors on the partici-
pants’ body segments and schematic representation of the data acquisition process, with wireless
transmission from the sensors to a computer via a receiver. (C) Summary of the kinematic outcome
measures considered for appendicular and axial motor functions.

For axial motor evaluation, patients completed a linear walking task modelled on the
Timed Up and Go test, which integrates MDS-UPDRS items 3.9 and 3.10. This composite
task required participants to rise from a chair, walk a 6 m straight path, turn 180 degrees,
return, and sit down. In addition, postural sway during walking was assessed by analyzing
medio-lateral and antero-posterior oscillations of the trunk, as a proxy of dynamic postural
control. All motor tasks were performed both during the OFF and ON medication states
(Figure 1A).

2.3. Wearable Sensors and Instrumental Outcome Measures

For the standardized instrumental assessment of motor performance, thirteen inertial
sensors termed Movit G1 (by Captiks Srl, Rome, Italy; ~20 g, 4 x 3 x 1.5 cm) were secured
with Velcro™ straps to the posterior trunk, bilateral upper arms, forearms, thighs, shanks,
and the dorsal surfaces of the hands and feet. Each unit’s validated IMU (triaxial accelerom-
eter 8 g, 16 384 LSB/¢g; triaxial gyroscope £2000° /s, 32.8 LSB/°/s) streamed acceleration,
angular velocity, and orientation data at a sample rate of 52 Hz to a laptop receiver [35].
Raw signals were first processed with Motion Studio software G1 environment (Captiks
Srl) to derive joint angles. Subsequently, the data were analyzed in MATLAB R2025b
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(The MathWorks Inc., Natick, MA, USA), where a moving average filter with a 10-sample
window was applied to smooth the signals. Prior to each recording session, wearable
sensors were calibrated following the manufacturer’s recommended procedures [36]. These
included static alignment, execution of defined motion sequences for sensor-to-segment
alignment, and synchronization across all sensor channels, overall ensuring accuracy of
segment orientation estimates and inter-sensor timing alignment (Figure 1B).

Concerning instrumental outcome measures, task-specific kinematic and spatio-
temporal metrics were considered. For upper- and lower-limb maneuvers (appendicular
functions), range of motion (ROM, i.e., the total angular excursion of the joint during the
movement cycle), peak velocity (i.e., the highest instantaneous speed reached during a
movement), repetition frequency (i.e., the number of complete movement cycles performed
per second) and coefficients of variation (CV) for both ROM and velocity were extracted
to characterize movement amplitude, speed, and consistency. ROM and velocity values
were averaged across trials and analyzed separately for the more and less affected sides
(defined according to the relative motor scores of each hemibody in the MDS-UPDRS part
III). Gait performance was assessed by measuring spatio-temporal parameters, including
cadence (i.e., number of steps per minute), step velocity (i.e., distance covered per unit of
time during walking), duration (i.e., the time elapsed between the initial contact of one foot
and the initial contact of the opposite foot), and length (i.e., the distance between successive
heel strikes of opposite feet), as well as their cycle-to-cycle variability (CV of step duration
and length). Dynamic postural control during ambulation was indexed by the sway area
(i.e., the area encompassed by medio-lateral and antero-posterior trunk oscillations during
gait), in line with established protocols [9] (Figure 1C).

2.4. Statistical Analysis

Since data distribution did not satisfy the assumptions required for parametric anal-
yses, as assessed by the Shapiro-Wilk normality test, non-parametric statistical methods
were employed [37]. Descriptive statistics were used to summarize the clinical and demo-
graphic characteristics of the patient cohort. For each instrumental outcome measure, the
therapeutic response to dopaminergic medication was computed as the percentage change
according to the following formula:

ON — OFF

var% = { OFF

} x 100

where ON indicates measurements recorded one hour after L-Dopa intake, whereas OFF
refers to the unmedicated condition. This index expresses the magnitude of improvement
induced by dopaminergic treatment relative to the baseline OFF state.

For appendicular tasks, outcome measures were compared between the more and the
less affected sides (side exhibiting greater and lower baseline motor impairment, respec-
tively) using the Wilcoxon signed-rank test. Additionally, to explore potential differences in
therapeutic responsiveness based on body topography (appendicular vs. axial functions),
the Friedman test was performed, followed by Wilcoxon signed-rank tests for pairwise
comparisons when appropriate [38]. To allow a meaningful comparison between appendic-
ular and axial domains, dopaminergic responsiveness was examined across homologous
kinematic features: ROM of upper and lower limbs tasks was compared with step length
and sway area (movement amplitude), peak velocity with step velocity (movement speed),
repetition frequency with cadence (movement rhythm), and the CV of ROM and velocity
with the CV of step length and duration (movement consistency).

Spearman’s rank correlation coefficient was finally used to investigate associations
between percentage changes in kinematic parameters as well as with corresponding clinical
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score variations [39]. To control the false discovery rate and limit the likelihood of Type I
errors arising from multiple comparisons, the Benjamini-Hochberg correction was applied
to the entire set of statistical tests within each analysis, and only adjusted p-values are
reported as significant [40]. No missing data were present in the dataset.

Statistical analyses were conducted using IBM SPSS Statistics, Version 29.0 (IBM Corp.,
Armonk, NY, USA).

3. Results
3.1. Clinical Features

Clinical and demographic characteristics of the enrolled PD patients are summarized
in Table 1. All participants successfully completed experimental procedures without
complications or adverse events. Testing was performed under uniform environmental
conditions, and all participants demonstrated good compliance with task instructions. No
participants withdrew from the study, and data collection was feasible across all assessment
sessions, both OFF and ON state of therapy.

3.2. Sensor-Derived Measures

When comparing the dopaminergic response of appendicular tasks between the more
and less affected sides using Wilcoxon signed-rank tests, overall changes were comparable
between sides, except for specific parameters. Specifically, greater improvements were
observed on the more affected side for movement frequency during hand opening/closing
(Z=-1.997, p = 0.046), ROM during pronation-supination (Z = —2.127, p = 0.033), and
peak velocity during leg agility (Z = —2.159, p = 0.031), compared with the less affected side.
No other significant side-to-side differences were observed for the remaining kinematic
parameters or tasks, including foot tapping (all p > 0.05). Given that the largest treatment-
induced changes were consistently observed on the more affected side, subsequent analyses
and correlations with axial measures were conducted using data from this side only.

In line with the study hypothesis that gait-related measures may reflect overall mo-
tor performance in PD, the Friedman analyses showed no significant differences in the
percentage change after dopaminergic therapy for movement amplitude (ROM of hand
movements, hand pronation-supination, toe tapping, leg agility, step length, and sway
area; x2(5) = 10.088, p = 0.073) or for movement speed (velocity of hand movements, hand
pronation-supination, toe tapping, leg agility, and gait speed; x?(4) = 4.610, p = 0.330). In
contrast, a significant effect was found for movement rhythm, including the frequency of
hand movements, hand pronation-supination, toe tapping, leg agility, and gait cadence
(x*(4) = 9.670, p = 0.046). No significant differences were detected for movement consistency,
assessed through the CV of ROM and velocity for upper- and lower-limb tasks as well as
for step length, duration, and velocity (x%(9) = 2.833, p = 0.971). Post hoc Wilcoxon tests
on rhythm measures revealed a divergent pattern, with a slight reduction in gait cadence
contrasting with increased frequencies of hand movements (Z = —2.972, p = 0.003) and toe
tapping (Z = —3.146, p = 0.002), while no significant differences were observed for hand
pronation—supination (Z = —1.095, p = 0.274) or leg agility (Z = —1.616, p = 0.106). These
differences remained significant after Benjamini-Hochberg correction (adjusted p = 0.006
for both hand movements and toe tapping). Table 2 reports the mean percentage improve-
ments in the evaluated measures, which are also illustrated in Figure 2 by movement
domain (amplitude, velocity, rhythm, and consistency).
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Table 2. Percentage change in sensor-based measures following L-Dopa intake in patients with

Parkinson’s disease.

Motor Tasks Movement Movement Movement Movement
Amplitude Speed Rhythm Consistency
CV ROM:
Hand movements ROM.: Vel: Freq: 30.5 £ 136.7
63.4 +154.9 14.1 £ 34.6 119+17.1 CV vel:
—2.04+437
CV ROM:
Hand ROM: Vel: Freq: 58.9 £ 234.7
Appendicular pronation-supination ~ 29.3 £ 83.8 13.6 £ 64.1 8.4 4+ 35.7 CV vel:
functions 28.3 £74.9
(more affected side) CV ROM:
Toe tapping ROM: Vel: Freq: 64.4 +245.6
124 +65.4 68.2 +324.4 135 +21.1 CV vel:
25.5 £ 89.0
CV ROM:
Leg agility ROM: Vel: Freq: 11.7 £ 64.9
9.7 £102.8 18.9 £ 63.2 8.7 £ 26.7 CV vel:
52 +319
. . . Step length: Step vel: Cad: CV step length:
Axial functions Gait 39 +11.1 6.5+ 165 34454 18741046

Cad: cadence; CV: coefficient of variation; Freq: frequency; ROM: range of motion; Vel: velocity.
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Figure 2. Kinematic Changes After L-Dopa administration. Bar plots illustrate the percentage

change in kinematic outcome measures following L-Dopa administration for appendicular and axial

functions. Measures are grouped by functional domains, including movement amplitude, speed,

rhythm, and consistency. Asterisks indicate statistically significant differences (** p < 0.01).
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3.3. Clinical-Behavioral Correlations

Spearman’s correlation analysis showed no significant associations between appen-
dicular and axial parameters for movement amplitude, velocity, or consistency after
Benjamini-Hochberg correction (all p > 0.05). For movement rhythm, a significant in-
verse association emerged between hand movement frequency and gait cadence (p = —0.43,
adjusted p = 0.01). Finally, concerning correlations with clinical scores, step length and gait
velocity both showed positive associations with MDS-UPDRS III scores in the OFF state
(R =0.50 for both, adjusted p = 0.022), whereas in the ON state only step length remained
significantly correlated (R = 0.49, adjusted p = 0.045).

4. Discussion

In this observational, cross-sectional pilot study, by using a network of wearable
inertial sensors, we quantitatively demonstrated that, although not directly correlated, the
percentage change in various functional domains of appendicular (limb) movements is
comparable to that observed in gait in patients with PD. Moreover, kinematic parameters
of gait show significant associations with motor changes clinically evaluated through
standardized scales in PD.

To minimize potential confounding factors and ensure the reliability of our findings,
we adopted strict clinical inclusion criteria and rigorous methodological procedures. Pa-
tients with comorbidities potentially influencing motor performance, such as orthopedic,
rheumatologic, or cognitive impairment, were excluded to isolate disease-related motor
features. All assessments were conducted in a well-defined OFF- and ON-medication states,
in accordance with established protocols usually adopted in clinical trials [41]. Moreover,
we employed validated wearable inertial sensors previously benchmarked against gold
standard motion capture systems [42]. To ensure consistency and measurement accuracy,
sensors were individually calibrated for each participant prior to every recording session.

As a first finding, the degree of improvement in spatio-temporal parameters related to
appendicular function was largely comparable between the more and less affected sides,
except for specific amplitude and velocity measures, which showed greater improvement
on the more affected side. This result is not unexpected, as it is plausible that a higher
baseline level of motor impairment in the more affected limbs allowed for greater ob-
servable changes in response to dopaminergic therapy [43]. This finding aligns with a
well-known rehabilitation observation whereby more impaired functions have greater po-
tential for measurable improvement, often referred to as the ‘greater room for improvement’
principle [44]. Also, it reflects the asymmetric nature of PD, with dopaminergic therapy
exerting greater relative effects on the more impaired side [45]. In line with this concept, we
observed that higher MDS-UPDRS III scores in the OFF state were associated with greater
improvements in step length and gait velocity. This rationale overall supports our decision
to focus subsequent analyses on the more affected side, where treatment-related changes
are more likely to emerge, fully in line with previous experimental evidence [46—48].

4.1. L-Dopa Comparably Improves Gait and Limb Movements in PD

When looking at kinematic changes following dopaminergic therapy at appendicular
and axial body segments, movement amplitude, velocity, and consistency improved to
a comparable extent across limb tasks and gait. This result suggests that dopaminergic
therapy exerts a relatively uniform effect across both appendicular and axial motor func-
tions in the mid-stage of the disease, despite distinct anatomical substrates and patterns of
degeneration [49,50]. Our findings are fully consistent with previous evidence showing
that dopaminergic therapy can significantly enhance key spatio-temporal gait parame-
ters, including step length, gait speed, and stride stability, as well as improve upper limb
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movement amplitude and fine motor control during tasks such as hand tapping and reach-
to-grasp movements [21,51-54]. From a neurophysiological perspective, axial muscles are
predominantly controlled by brainstem descending pathways (e.g., vestibulospinal, reticu-
lospinal, and interstitio-spinal tracts) while appendicular muscles are primarily governed
by the more recently evolved lateral motor system, including corticospinal and rubrospinal
tracts [55]. The comparable responsiveness to L-Dopa of appendicular functions and gait
may therefore reflect partially shared functional networks and common dopaminergic
modulation of both systems by basal ganglia circuits [54]. Despite similar average improve-
ments, we unexpectedly found no significant associations between amplitude, velocity,
and consistency changes in appendicular movements and gait. The lack of significant
correlations between individual improvements suggests that these functions may respond
differently on a patient-by-patient basis, with a general similarity but not always a one-to-
one correspondence. This may appear contradictory to the idea that gait is a comprehensive
indicator of overall motor status, yet, it likely reflects individual variability in response
to L-Dopa, heterogeneity in disease progression patterns, or differences in measurement
accuracy. In addition, asymmetry in symptom distribution and variations in the underlying
neurodegenerative burden across motor domains may have further contributed to the lack
of correlations. Nevertheless, the comparable group-level improvement across tasks still
supports a shared dopaminergic influence on both domains and suggests that gait metrics
may sensitively capture clinically relevant motor phenomena, such as fluctuations, thus
remaining informative of the overall motor performance.

In contrast to movement amplitude, velocity, and consistency, movement rhythm
exhibited a task-specific response pattern. While the frequency of repetitive upper- and
lower-limb movements increased following dopaminergic therapy, gait cadence decreased
slightly, suggesting an opposite clinical response in this motor domain. Previous studies
have similarly reported an increase in the frequency of repetitive upper- and lower-limb
movements, accompanied by a reduction in gait cadence in the ON state compared with
the OFF state of dopaminergic therapy [54,56-59]. This discrepancy was also confirmed by
an inverse correlation between these measures in our cohort of patients and likely reflects
the recruitment of different motor strategies depending on the specific motor task. Indeed,
in unconstrained limb movements, the reduction in bradykinesia translates directly into a
higher execution rate [60]. By contrast, during walking, the same dopaminergic effect ap-
pears to promote longer and more efficient steps, resulting in a modest decrease in cadence
rather than an acceleration of the stepping rhythm [61]. An alternative hypothesis is that
L-Dopa exerts a more pronounced effect on the spatial features of gait, whereas temporal pa-
rameters such as cadence remain comparatively less responsive [62]. These observations are
fully in line with current neurophysiological evidence indicating that, while basal ganglia
play a predominant role in regulating spatial aspects of movement, such as amplitude and
velocity, temporal features like rhythm rely more heavily on non-dopaminergic networks,
including brainstem and cerebellar circuits [63,64]. Indeed, neuronal activity in key basal
ganglia output nuclei, including the globus pallidus pars interna and the subthalamic nucleus,
has been shown to scale with movement vigor, encompassing both force and speed, and to
adjust motor output according to motivational and contextual cues [65,66]. Also, dopamin-
ergic therapy and interventions targeting the basal ganglia (e.g., deep brain stimulation)
in PD typically produce marked improvements in step length, gait speed, and overall
movement amplitude, while rhythm-related parameters, such as cadence, often remain
less responsive [62,67]. Overall, the divergent pattern of rhythm measures in appendicular
movements and gait suggests that these may not represent a reliable clinical biomarker for
monitoring the overall motor status in PD through wearable sensors.
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4.2. Gait as a Clinical Biomarker of Disease State

The observation of comparable changes in movement amplitude, velocity, and con-
sistency across limb functions and gait parameters supports the use of gait analysis as a
robust and comprehensive indicator of overall motor status in PD [68-70]. To date, several
wearable sensor systems have already been proposed for long-term gait monitoring in
PD with potential applications in home-based settings [13,71,72]. Our findings further
strengthen the validity of this approach, which may enable the automated and quantitative
collection of ecological data that dynamically capture the patient’s motor condition during
daily life activities [73]. This, in turn, could facilitate the optimization and personalization
of therapeutic strategies. It should be noted, however, that in this study, appendicular and
axial measures were assessed under supervised conditions using a wearable sensor network
composed of multiple devices. This was methodologically necessary to ensure the most
accurate and reliable quantification of each motor domain, in line with the study objectives.
It remains to be established whether a smaller set of sensors, as typically used in free-living
settings, can achieve similar accuracy in gait metric estimation. Moreover, in our cohort we
observed a marked interindividual variability in the percentage change in several metrics,
likely reflecting the heterogeneous clinical expression and treatment responsiveness of PD
symptoms. This variability may represent a significant challenge for clinical applications
and emphasizes the need for individualized baselines and longitudinal within-patient
monitoring to improve the interpretability and reliability of sensor-derived measures in
PD. Nevertheless, the significant correlation observed between changes in spatio-temporal
gait parameters and severity of motor impairment clinically assessed through standard-
ized scales (MDS-UPDRS III) further reinforces the validity of using specific gait metrics,
particularly those related to amplitude and velocity, as reliable biomarkers of overall motor
status in patients with PD. Taken together, these findings encourage future studies aimed
at validating minimal wearable sensor setups for real-world monitoring, with the goal of
integrating kinematic biomarkers into routine clinical practice.

When evaluating the present study, some limitations should be acknowledged. First,
this study was an exploratory analysis and the relatively small sample size (n = 22) may have
limited the statistical power of our analyses, warranting confirmation in larger cohorts.
Second, our cohort consisted of patients in the mid-stage of PD, which may limit the
generalizability of the results. Indeed, in more advanced disease stages, the response
to dopaminergic therapy may differ across axial and appendicular domains due to the
emergence of L-Dopa-resistant symptoms, such as postural instability and freezing of gait.
Third, none of the patients here examined exhibited freezing of gait (i.e., a paroxysmal
disturbance that can directly affect spatio-temporal gait parameters). Given that this
phenomenon and its responsiveness to L-Dopa may significantly influence gait outcomes,
its absence in our cohort might have contributed to a more homogeneous response to
treatment and to the overall stability of gait parameters observed. Accordingly, future
studies should specifically account for its presence and potential impact, especially in
patients with advanced disease.

5. Conclusions

In this cross-sectional, observational pilot study, specific measures of movement
amplitude, velocity, and consistency, but not rhythm, showed a comparable response
to dopaminergic therapy across both appendicular motor functions and gait. Within
these domains, gait parameters such as step length, velocity, and their CV emerged as
promising kinematic biomarkers for monitoring the clinical status of patients with PD.
Overall, these findings support the use of wearable-derived gait metrics as objective
markers of dopaminergic response across different body regions, complementing traditional
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clinical assessments in PD. These metrics can, therefore, be incorporated into routine
clinical and research assessments to enable objective and continuous monitoring of motor
fluctuations and treatment responsiveness in real-world conditions. Such integration
may also pave the way for practical applications, including electronically compiled motor
diaries based on gait monitoring, potentially enhanced by machine learning algorithms
to detect clinically relevant fluctuations. Research should now aim to validate these
biomarkers in larger, more heterogeneous cohorts, extend assessments to real-life, home-
based environments, and determine their predictive value for disease progression and
treatment optimization. Longitudinal studies are also required to establish whether the
dopaminergic responsiveness of spatial gait features is preserved or altered over the course
of the disease, and to explore their ability to predict key clinical milestones such as the
onset of freezing of gait, increased fall risk, or the need for advanced therapies.
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