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Abstract

Background: The efficacy of subthalamic stimulation on axial signs of Parkinson's dis-
ease (PD) is debated in the literature. This study delves into the dynamic interplay of gait
and posture, specifically probing their nuanced response to subthalamic stimulation and
levodopa.

Methods: We used wearable sensor technology to examine alterations in the spatiotem-
poral parameters of gait and posture in individuals with PD before and 6 months after
subthalamic deep brain stimulation (STN-DBS) surgery. Thirty-three subjects with PD
were evaluated in two pre-operative and four post-operative conditions comprising OFF/
ON medication and stimulation states. Standardized response mean (SRM) values were
calculated to assess treatment responsiveness.

Results: Significant improvements in spatiotemporal gait parameters, including speed,
stride length, cadence, and turning, were observed following STN-DBS surgery.
Quantitatively, stimulation outperformed levodopa in enhancing gait speed, stride length,
and turning, as indicated by SRM. Levodopa moderately improved stride time variability
and asymmetry, while stimulation alone demonstrated limited efficacy. Postural parame-
ters exhibited minimal change following STN-DBS, although stimulation showed a slight
benefit in certain postural aspects.

Conclusion: Our findings suggest positive effects of stimulation and levodopa on gait

and postural parameters, with STN-DBS demonstrating superior efficacy in enhancing
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gait speed, stride length, and turning. However, gait variability remains unaddressed by
current therapies, highlighting the need for novel treatments targeting regions beyond
the basal ganglia.
KEYWORDS
deep brain stimulation, inertial measurement units, kinematic analysis, neuromodulation,
Parkinson's disease

INTRODUCTION MATERIALS AND METHODS

Deep brain stimulation of the subthalamic nucleus (STN-DBS) is a
well-established surgical treatment for managing motor symptoms
in Parkinson's disease (PD) [1].

Since the first clinical trials, the efficacy of STN-DBS has been
primarily assessed using clinical scales, especially the Movement
Disorders Society Unified Parkinson's Disease Rating Scale (MDS-
UPDRS) [2]. While MDS-UPDRS scores resulted significant lower
during stimulation ON periods [3, 4], the scale lacks the sensitivity
needed to detect changes in specific motor functions, particularly in
axial features such as gait and posture [5]. This limitation highlights
the ongoing debate regarding the responsiveness of axial signs to
subthalamic stimulation [6]. Few small-sample studies have evalu-
ated the efficacy of STN-DBS on gait and posture using kinematic
measures, but variability in design, methods, and follow-up dura-
tion has led to inconclusive results [7-11]. Nevertheless, these as-
pects hold significant clinical importance in advanced stages of PD.
Balance is compromised by postural instability, while gait is primarily
affected by hypokinesia (reduced gait speed), narrow shuffling steps
(short stride lengths, increased step number), start hesitation, and
freezing of gait (FOG) [12, 13].

Levodopa therapy can ameliorate specific gait parameters, such
as gait speed and stride length; however, literature suggests the
existence of levodopa-resistant features (step initiation, cadence,
gait variability, turning, balance), pointing toward the involvement
of multiple neural circuits in parkinsonian gait and postural distur-
bances [14, 15].

In this study, we implemented a standardized analysis protocol
using wearable sensors in individuals with PD eligible for STN-DBS
surgery to obtain quantitative measurements of gait and posture.

We first aimed to evaluate kinematic changes after STN-DBS
surgery by comparing pre- and post-operative measurements in
ON- and OFF-medication states. Secondly, we estimated the dis-
tinct effect of stimulation and levodopa on specific gait and postural
parameters, considering that the control of locomotion involves a
multimodal network where stimulation and levodopa may affect
specific axial features in different ways [16].

Hence, understanding how stimulation and levodopa impact
distinct locomotion features is crucial to optimizing therapeutic ap-

proaches and improving individual outcomes [17].

In this prospective study, we consecutively enrolled subjects with
PD eligible for bilateral STN-DBS surgery at the Movement Disorder
Center of the IRCCS Istituto delle Scienze Neurologiche di Bologna
from December 2021 to February 2024.

Inclusion criteria for STN-DBS surgery according to CAPSIT-PD
protocol [18] were established clinical diagnosis of PD [19] with dis-
abling motor fluctuations and/or dyskinesias and good response to
levodopa defined as improvement rate >30% on the MDS-UPDRS Il|
at the levodopa challenge test. Exclusion criteria included dementia
or ongoing psychiatric disorders assessed through specific cognitive-
behavioral assessment; evidence of severe atrophy, diffuse cerebral
lesions, high risk of bleeding on brain MRI; systemic comorbidities
interfering with surgery.

The electrode lead position was verified through microelectrode
recording and imaging obtained by Nexframe™ frameless technique
and intraoperative O-arm™, as well as post-operative T1-weighted
imaging or CT scan [20]. All implanted electrodes were localized in
the subthalamic region.

A monopolar review was conducted 1 month after surgery to
assess the amplitude threshold for clinical benefits and side effects
for each electrode contact and select the best therapeutic option.
Subsequently, stimulation parameters were clinically optimized.
Monopolar stimulation parameters were used for all subjects, with
a median amplitude of 2.1(1.3)mA and 2.1(1.0)mA for the left and
right side, respectively. The frequency was set at 125-130Hz, and
the pulse width was 60 microseconds for all subjects except two,
one had a frequency of 210Hz and another had a pulse width of 90

microseconds.

Clinical motor assessment

Subjects were evaluated before (pre-DBS) and 6 months after sur-
gery (post-DBS) after achieving an optimal motor outcome with sta-
ble stimulation parameters and dopaminergic medication for at least
1 month.

Pre-DBS evaluations were performed in OFF state (early in the
morning, after withdrawal of 12hours of levodopa and 24 hours of

long-acting antiparkinsonian drugs, med-OFF) and in ON state (the
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best subjective motor state between 45-60minutes from the as-
sumption of the usual morning dose of levodopa, med-ON).

After surgery, subjects were also assessed 60minutes after
switching off (stim-OFF) and 30minutes after switching on
(stim-ON) the stimulator. They were thus sequentially evaluated
in the following four conditions: med-OFF/stim-ON, med-OFF/
stim-OFF, med-ON/stim-OFF, and med-ON/stim-ON. Pre-DBS
and post-DBS monitoring took approximately 2 and 4hours,
respectively.

Each evaluation included 1) motor clinical examination based
on MDS-UPDRS Il total score and compound postural instability
and gait difficulty subscore (PIGD subscore) calculated as the sum
of the items 3.10, 3.11, and 3.12 of MDS-UPDRS llI [21]; 2) record-
ing of FOG episodes during the standardized motor protocol visu-
ally scored by the clinician and defined as brief, episodic absence or
marked reduction in forward foot progression despite the intention
to walk [22]; 3) levodopa kinetic-dynamic test [23]; 4) kinematic anal-
ysis of gait and posture; and 5) computerized alternate index finger
tapping test [24].

Clinical information including disease duration, motor pheno-
type, disease severity, cognitive and behavioral performances in-
cluding Mini-Mental State Examination(MMSE) [25], post-operative
motor improvement calculated as MDS-UPDRSIII score [(pre-DBS
med-OFF- post-DBS med-OFF/stim-ON)/pre-DBS med-OFF] x 100,
levodopa equivalent daily dose(LEDD) [26] and variations in dopa-
minergic treatment(Supplementary Figure 1) was systematically col-

lected during pre- and post-operative assessment.

Instrumental motor assessment

Gait and posture were monitored using the mTest3 system (mHealth

Technologies srl, Bologna, Italy), comprising three wearable inertial

sensors. Two sensors were worn on the shoes using Velcro straps,
and one was placed on the lower back using an elastic belt. Wearable
sensors were synchronized and connected via Bluetooth to a smart-
phone with a dedicated app. The instrumental motor assessment
was video-recorded for clinical review.

Objective measures of motor performance were chosen based
on their test-retest reliability and validity [27]. The standardized

motor protocol included

1. Timed Up and Go test (TUG): rise from a chair, walk 3 meters,
turn in place, and return to sitting.

2. Quiet standing test (SWAY): maintain their standing position for
30seconds with their arms placed alongside, looking straight
ahead at a fixed point on the wall.

3. Full 360° turns in place: perform two full 360° turns in place, al-
ternately turning clockwise and counterclockwise.

4. 18-m walking test (GAIT): walk straight in a corridor for a fixed
distance of 18 meters.

5. Complex task: walk 2 meters, open a door, pass the doorway, walk
3m, turn in place, and return to the starting position without clos-
ing the door [28]. The pivot turn in place was executed in a con-

fined area to enhance the likelihood of experiencing FOG.

All locomotor tasks were performed in consecutive order on the
same morning. TUG, GAIT, Full 360° turns, and complex task were
completed in both single (ST) and dual-task conditions (DT, serial-3
subtractions). TUG and GAIT single tasks were performed three
times to filter out the effects due to habituation or lack of atten-
tion [29], whereas the remaining tasks were performed twice. SWAY
was repeated twice with open eyes (EO) and twice with closed eyes
(EC). Resting periods with subjects sitting in an armchair were in-
corporated between evaluations to mitigate potential fatigue effects

during the protocol.
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FIGURE 1 Motor tasks included in the DBS monitoring protocol. Tasks analyzed in this study Timed Up and Go test—TUG, 18-m walking

test—GAIT, Quiet standing test—SWAY) are outlined in bold.
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In the present study, we analyzed the kinematic parameters of
TUG, GAIT, and SWAY (Figure 1).

The Ethics Committee of the Local Health Service of Bologna
approved this study (CE21156, 21/10/2021), and the research was
conducted according to the Declaration of Helsinki. All participants
signed an informed consent form before testing.

Data analysis

The following gait and postural parameters were analyzed:

e TUG: time spent to complete the test (Total duration); total num-
ber of steps during the test (Total steps); mean angular velocity
of the 180° turn (180° turn velocity), number of steps for turning
180° (180° turn steps); time to stand up from the chair (Sit-to-walk
duration); root mean square of the vertical acceleration during sit-
to-walk transition (RMS acc V sit to walk).

e GAIT: mean gait speed (Gait speed); total number of strides during
the test (Total strides); mean value of strides length (Stride length);
speed difference between right and left steps (Asymmetry); stan-
dard deviation of stride time (Stride time variability); mean number
of steps per minute (Cadence).

o SWAY: length of the trajectory covered by the center of mass
during postural oscillation on the horizontal plane (Sway path);
95% confidence interval ellipse area that incapsulates trajectory
points on the horizontal plane (Ellipse area); mean sway velocity
along anteroposterior (AP) and mediolateral (ML) axes (Mean AP
velocity, Mean ML velocity); 95% power frequency of the acceler-
ation along the AP and ML axes (Power frequency acc AP, Power
frequency acc ML).

For each subject, motor parameter values obtained from wear-
able inertial sensors were averaged over the different repetitions to
minimize performance differences across trials.

Data were available for 30 subjects at pre-DBS evaluation since
three subjects could not perform the gait protocol in med-OFF
condition and were excluded from the pre-operative analysis. Post-
operative data were available for all the subjects, except for one and
three subjects who could not walk independently in the stim-OFF

condition of TUG and GAIT, respectively.

Statistical analysis

Continuous variables were presented as median values and inter-
quartile range(IQR), while categorical variables were represented as
frequencies and percentages. The Kolmogorov-Smirnov test was
conducted to evaluate the normality. A p-value<0.05 was consid-
ered statistically significant.

Pre- and post-DBS comparison and comparison across the
four post-operative conditions (one factor built considering both
medication and stimulation) were performed using repeated mea-
sure Wilcoxon and Friedman tests, as appropriate due to ANOVA

assumptions not being met for the measured features. Each
Friedman test was performed feature-by-feature, using a complete-
cases-only approach in each instance. When the Friedman test in-
dicated significance, paired Wilcoxon tests were used to compare
each variable against the baseline condition med-OFF/stim-OFF.
All p-values obtained in the post hoc multiple comparisons of base-
line versus the three other conditions were adjusted by using the
Benjamini-Hochberg procedure.

Standardized response mean (SRM) values were computed to as-
sess the responsiveness of sensor-based parameters after surgery
[15]. Med-OFF/stim-ON and med-ON/stim-OFF were analyzed
against baseline condition to assess responsiveness to stimulation
and medication, respectively, while med-ON/stim-ON described
their combined effect. SRM values of 0.20-0.50 indicate a small
response, 0.50-0.80 a moderate response and above 0.80 a large
response to the treatment.

The comparison of ST versus DT performance was achieved
by calculating dual-task cost [30]. Positive dual-task cost de-
scribes worse performance under DT than under ST, while nega-
tive dual-task cost describes better performance under DT than
under ST.

Test-retest reliability was estimated using the intraclass correla-
tion coefficients ICC(2,k) [31] of the instrumental variables in all the
conditions performed in pre-DBS and post-DBS, considering the
subjects who performed all the scheduled trials. Most instrumental
variables showed excellent reliability (ICC>0.90) both in pre-DBS
and post-DBS conditions (Supplementary Table 1) [32].

RESULTS

We enrolled 33 consecutive PD subjects who performed clinical
assessments and instrumented gait and posture analysis before
and after bilateral STN-DBS. Demographic and clinical features are
shown in Table 1.

Clinical and instrumental motor outcomes before and
after STN-DBS

Table 2 compares the values of clinical and instrumental outcomes
before and after STN-DBS. Subthalamic stimulation induced a sig-
nificant reduction of MDS-UPDRS Il score in med-OFF/stim-ON
condition compared to pre-operative med-OFF. Similarly, the PIGD
subscore and the number of patients experiencing FOG were re-
duced following STN-DBS. Furthermore, a significant reduction in
LEDD was observed after surgery (levodopa: 800[567] vs. 400[295]
mg; dopamine agonists: 105[210] vs. 26[120]mg).

Several quantitative motor parameters of TUG, GAIT, and
SWAY extracted through the wearable sensors also changed
post-operatively.

Most of the TUG parameters (total duration, total steps, turn-
ing phase, sit-to-walk acceleration), as well as GAIT parameters (gait
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TABLE 1 Subjects' demographic and clinical features.

Demographic/clinical features Median (IQR)
Number, n 33

Sex, M/F,n 24/9

Age at DBS, y 62.0(10.0)
Disease duration at DBS, y 11.0(7.0)

PD subtype, n (%)
12 (36.5%)
15 (45.5%)

- tremor dominant

- akinetic-rigid dominant

- mixed 6 (18.0%)
Post-DBS motor improvement (%)  49.4% (31.5%)

pre-DBS post-DBS
MDS-UPDRS | 8.0(8.0) 5.0(5.0)*
MDS-UPDRS II 11.0(6.0) 5.0(4.0)*
MDS-UPDRS IV 8.0(6.0) 1.0(3.0)*
H&Y 2.0(0.5) 2.0(0)
MMSE 30.0 (1.0) 29.5(2.0)
LD test dose, mg 175 (50) 100 (13) *
LEDD, mg/die 1005 (737) 463 (402) *

Abbreviations: DBS, deep brain stimulation; H&Y, Hoehn and Yahr
scale; LD, levodopa; LEDD, Levodopa Equivalent Daily Dose; MDS-
UPDRS, Movement Disorder's Unified Parkinson's Disease Rating Scale;
MMSE, Mini-Mental State Examination; PD, Parkinson's Disease.

Data are presented as median (IQR).

*: Statistically significant p-value between the pre-DBS and post-DBS
evaluation according to paired data Wilcoxon test (p-value <0.05).

speed, total strides, stride length, asymmetry, cadence), significantly
improved in the med-OFF condition after STN-DBS.

SWAY parameters did not significantly vary between pre-DBS
and post-DBS.

Dual-task gait performance while executing serial-3 subtractions
during TUG and GAIT improved post-DBS similarly to the single-task
performance. Additionally, we observed a significant reduction of
stride time variability in post-DBS assessment compared to pre-DBS

(Figure 2, Supplementary Table 2).

Gait and postural performances in post-operative
conditions

Clinical scales, number of patients experiencing FOG, and kinematic
parameters showed improvement with medication and/or stimula-
tion compared to baseline (med-OFF/stim-OFF) (Table 3).

During the TUG, we observed a significant reduction in the over-
all duration, fewer steps, and an increase in turning velocity in all the
treatment conditions compared to the baseline.

Considering the GAIT test, we documented increased stride
length and improved cadence with medication and/or stimulation
ON compared to the baseline (med-OFF/stim-OFF). Gait speed and

number of steps were significantly enhanced in stim-ON conditions
(med-OFF/stim-ON, med-ON/stim-ON). Meanwhile, asymmetry
and stride time variability significantly improved only in med-ON
conditions (med-ON/stim-OFF, med-ON/stim-ON).

SWAY parameters, including sway path, ellipse area and mean AP
sway velocity, were smaller in med-OFF/stim-ON condition and larger
in med-ON conditions compared to baseline. Additionally, the power
frequency of mediolateral postural acceleration was significantly re-
duced in med-ON conditions (med-ON/stim-OFF, med-ON/stim-ON).

Most of the TUG DT and GAIT DT parameters improved with
medication and/or stimulation ON compared to the baseline, simi-
larly to ST (Figure 3, Supplementary Table 3).

Stimulation and levodopa responsiveness of kinematic
parameters

The responsiveness of kinematic parameters of TUG, GAIT, and
SWAY tasks are reported in Figure 4. All the treatments determined
a low (SRM:0.2-0.5) to moderate (SRM:0.5-0.8) improvement of
TUG total duration and number of steps. Stimulation brought a large
improvement (SRM>0.8) in the velocity during the turning phase of
TUG compared to a moderate effect of levodopa.

GAIT parameters, including speed and total strides, demon-
strated a small improvement with levodopa and a moderate improve-
ment with stimulation or the combination of the two treatments.

Stride length and cadence were largely improved by stimulation
and combined treatments.

Stimulation showed a small effect on stride time variability and
no effect on asymmetry. However, these parameters were mod-
erately enhanced by levodopa treatment and the combination of
levodopa and stimulation.

Postural SWAY parameters slightly improved with stimulation
but worsened with levodopa, except for the power frequency of ac-
celeration, which slightly improved in all the treatment conditions.

During DT evaluations, the responsiveness of gait and postural pa-
rameters was qualitatively similar to ST, although levodopa produced

only a tiny improvement in asymmetry and stride time variability.

DISCUSSION

In this study, we integrated instrumental measures into our clinical
protocol for evaluating the motor performances of individuals with PD
before and after STN-DBS surgery. This approach allows a deeper ex-
ploration of certain motor aspects, particularly gait and posture, that
are challenging to characterize through conventional clinical scales.
Using wearable sensor technology, we replicated and exten-
sively characterized previously reported improvements in gait fol-
lowing STN-DBS, drawing from two smaller preliminary studies
based on computer-assisted gait analysis systems [7, 11]. Our anal-
ysis demonstrated significant improvements in the MDS-UPDRS
PIGD subscore, the number of patients experiencing FOG and,
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TABLE 2 Clinical scores and sensor-

Variable [unit of measurement] Fr;ee_dl?giF) sptolrsrf:gii (mecrOFt/ p-value based motor p?rarpeters in pre-QBS .and
post-DBS monitoring performed in single-

Clinical features task mode. Data are presented as median

MDS-UDPRS Ill total score 41.50(17.00) 22.00 (14.25) <0.001 (IQR).

MDS-UPDRS PIGD 2.00(4.00) 1.00(1.00) <0.001

FOG, [n patients (%)] 14 (42.4%) 10 (30.3%) <0.001

Finger tapping score 100.00(38.25) 154.00(69.00) <0.001

Instrumented quantitative motor performances

TUGST

Total duration [s] 13.35(5.98) 9.64(2.40) <0.001

Total steps [#] 15.17(7.00) 12.00(2.67) <0.001

180° turn velocity [/s] 72.29(23.16) 87.92(20.51) <0.001

180° turn steps [#] 4.00(1.50) 3.33(1.17) 0.018

Sit-to-walk duration [s] 1.43(0.44) 1.45(0.29) 0.101

RMS acc V sit to walk [m/s] 1.01(0.51) 1.35(0.67) 0.011

GAIT ST

Gait speed [m/s] 1.24(0.58) 1.55(0.32) 0.028

Total strides [#] 28.33(13.16) 24.25(4.34) 0.002

Stride length [m] 1.22(0.47) 1.45(0.30) 0.039

Asymmetry 3.17(4.06) 1.50(2.17) 0.038

Stride time variability 0.07(0.05) 0.04(0.05) 0.324

Cadence [strides/min] 54.33(8.00) 58.33(6.38) 0.019

SWAY EO

Sway path [cm] 135.77(48.38) 149.19(59.07) 0.261

Ellipse area [cm?] 283.50(596.36) 378.68(422.84) 0.198

Mean AP velocity [cm/s] 0.38(0.20) 0.42(0.14) 0.177

Mean ML velocity [cm/s] 0.15(0.12) 0.16(0.10) 0.877

Power frequency acc AP [Hz] 1.28(1.03) 0.99(0.48) 0.083

Power frequency acc ML [Hz] 2.94(1.03) 2.74(1.23) 0.130

Abbreviations: EO=eyes open, FOG =freezing of gait; GAIT=18-m walking test, ST=single task,

SWAY =quiet standing, TUG=Timed Up and Go.

*: statistically significant differences between the analyzed conditions according to paired data

Wilcoxon test (p-value <0.05).

notably, across multiple gait parameters, including gait speed, stride
length, cadence, step number, and turning (steps and angular ve-
locity). These improvements are likely to enhance gait stability and
reduce the risk of falls during daily activities [33, 34]. Overall, our
findings highlight the positive impact of STN-DBS surgery on motor
outcomes, with a particular emphasis on its beneficial effects on gait
and axial features.

We further explored the potential distinctive effect of
levodopa and stimulation on gait parameters by evaluating the
four post-operative conditions, as existing literature data on this
topic is inconclusive. Some studies reported a similar of stimula-
tion and levodopa, characterized by improvements in gait speed
and stride length [9, 35-38], while others suggested a more signif-
icant impact of levodopa over stimulation [30, 38]. The heteroge-
neity of results primarily stems from small exploratory studies with
inconsistencies in methodology, type of instrumental approaches

for gait analysis, and treatment conditions evaluated (med-ON vs.
med-OFF) [7, 9-11].

In our study, both stimulation and levodopa improved gait speed,
stride length, and cadence, with stimulation also enhancing turning
parameters of TUG. However, stimulation had limited effects on gait
variability measures such as stride time variability and asymmetry.
Quantitatively, based on the results of SRM, stimulation proved to
be more effective than levodopa in enhancing gait speed, stride
length, and turning. Stride time variability and asymmetry showed
minimal to moderate improvement with levodopa or combined
treatment, but poor response with stimulation alone.

This study also investigated the impact of dual tasks on kine-
matic performances, crucial for a comprehensive gait assessment
and insights into real-life challenges faced by PD subjects. Dual
task indeed requires additional cognitive functions, exacerbat-
ing gait disturbances such as gait variability and FOG, thereby
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FIGURE 2 Radar plot of sensor-based locomotor parameters in pre-DBS (med-OFF, dashed line) and post-DBS (med-OFF/stim-ON, solid
line) evaluations, both in single (2a) and dual (2b) task mode. Outer values represent better motor performance, with a larger area indicating

improved gait functionality.

*: Statistically significant differences between pre-DBS and post-DBS conditions according to paired data Wilcoxon test (p-value <0.05).

increasing fall risk [39]. Our results suggest substantial respon-
siveness of dual-task gait parameters to both stimulation and
levodopa, which is quantitatively similar to the single task, except
for a smaller effect of levodopa on gait variability. Notably, a re-
cent study compared the efficacy of levodopa and stimulation on
20-m walking parameters under single and dual tasking, pointing
out a greater effect of levodopa than stimulation, particularly
in the subtraction task, where levodopa improved cadence, gait
speed, and number of steps. In contrast, stimulation positively in-
fluenced only gait speed [30]. However, these discrepancies may
have been induced by using a different protocol, where authors
estimated stimulation and levodopa efficacy compared to ON/ON
conditions instead of OFF/OFF.

Concerning postural control, sway parameters showed minimal
changes following STN-DBS.

Notably, PD subjects in med-OFF had the smallest displacement
and sway areas during quiet stance. These observations align with
previous research indicating that levodopa can exacerbate postural
sway abnormalities by reducing rigidity and potentially inducing dys-
kinesias [15, 40, 41].

Theisolated effect of stimulation on postural parameters remains
debated; some studies suggest an improvement of postural control
following STN-DBS [42-41], while others reported an increase in
the displacement of sway due to reduced rigidity [44]. In our study,
sway parameters, such as sway path, ellipse area, and mean sway
velocity, showed slight improvement with stimulation but worsened
with levodopa. This suggests that stimulation might enhance pos-
tural control, whereas levodopa appears to increase challenges by
potentially worsening postural sway [41].

The effect of stimulation on postural control warrants further
exploration through additional tests on posture, encompassing as-
sessment of dynamic balance, anticipatory postural adjustments in

preparation for voluntary movement, and posture abnormalities.
However, some findings related to dynamic balance, including the
improved sit-to-walk and turn phases during the TUG test, are ad-
ditional evidence of a potential effect of stimulation on postural
control.

In the present study, we endeavored to design a proper eval-
uation of changes in gait and posture following STN-DBS surgery
in PD subjects, aiming to overcome the methodological limitations
observed in previous studies. Our approach involved a prospective
cohort study, carefully assessing both pre- and post-operative con-
ditions under medication OFF/ON and stimulation OFF/ON states.
The study included a standardized motor protocol with various
motor tasks to examine multiple overlapping aspects of gait and
posture at the same time.

Various spatiotemporal parameters of posture and gait were
evaluated consistently across different tests, time evaluations, and
treatment conditions, providing confidence in drawing consistent
conclusions.

Nevertheless, it is essential to acknowledge some intrinsic lim-
itations of the study. First, the evaluation of each condition was not
randomized but performed in consecutive order on the same morn-
ing. This approach aimed to prevent overlapping effects of levodopa
treatment or sustained effect of stimulation, along with addressing
day-to-day variability that would have occurred by performing as-
sessments on distinct days.

Moreover, the responsiveness of gait parameters to levodopa
may have been underestimated in post-operative conditions, as
subjects received their usual dose of levodopa, which is generally
reduced after STN-DBS surgery. On the other hand, the stimula-
tion effect could also be underestimated since the subjects who
could not perform the motor tasks in the med-OFF/stim-OFF con-
dition (1 for TUG and 3 for GAIT) did not participate in the analysis.
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TABLE 3 Clinical scores and sensor-based motor parameters in the four conditions performed post-DBS in single-task mode.

post-DBS
Variable [unit of med-OFF Friedman test
measurement] med-OFF stim-ON stim-OFF med-ON stim-OFF med-ON stim-ON p-value
Clinical features
MDS-UDPRS Ill total score 22.00(14.25) * 45.00(15.25) 31.00(16.00) * 13.00(%.50) * <0.001
MDS-UPDRS PIGD 1.00(1.00) * 2.00(3.00) 1.00(1.00) * 1.00(1.00) * <0.001
FOG, [n patients (%)] 10 (30.3%) * 14 (42.4%) 9(27.3)* 8(24.2%) * 0.026
Finger tapping score 154.00(69.00) * 112.00(49.00) 140.50(92.00) * 161.00(81.00) * <0.001
Instrumented quantitative motor performances
TUGST
Total duration [s] 9.84(3.47) * 10.39(4.73) 9.12(3.50) * 8.90(2.17) * <0.00
Total steps [#] 12.00(3.33) * 12.67(6.00) 11.33(4.17)* 11.00(2.83) * <0.001
180° turn velocity [/s] 87.31(21.26) * 77.23(19.80) 84.68(19.04) * 92.65(26.14) <0.001
180° turn steps [#] 3.33(1.00) 3.67(1.67) 3.33(1.00) 3.00(1.17) 0.004
Sit-to-walk duration [s] 1.45(0.28) 1.32(0.32) 1.27(0.42) 1.29(0.42) 0.498
RMS acc V sit to walk [m/s] 1.39(0.61) 1.15(0.93) 1.24(0.70) 1.37(0.68) 0.223
GAIT ST
Gait speed [m/s] 1.55(0.29) * 1.39(0.36) 1.46(0.56) 1.53(0.34) * <0.001
Total strides [#] 25.33(5.33) * 26.67(8.25) 25.33(6.67) 23.83(6.50) * <0.001
Stride length [m] 1.43(0.26) * 1.28(0.33) 1.46(0.34) * 1.50(0.32) * <0.001
Asymmetry 2.00(3.79) 3.33(5.50) 2.00(1.63) * 1.50(1.31) * 0.001
Stride time variability 0.05(0.07) 0.07(0.06) 0.05(0.04) * 0.04(0.03) * 0.006
Cadence [strides/min] 59.33(7.13) * 57.00(6.08) 58.333(4.83) * 58.33(6.33) 0.002
SWAY EO
Sway path [cm] 160.13(62.07) 185.63(151.03) 197.72(269.62) 231.76(185.70) 0.008
Ellipse area [cm?] 391.60(423.44) 576.92(672.31) 849.41(1016.38) 807.41(1205.48) 0.025
Mean AP velocity [cm/s] 0.43(0.14) 0.49(0.28) 0.56(0.70) 0.60(0.70) 0.032
Mean ML velocity [cm/s] 0.17(0.12) 0.20(0.15) 0.24(0.20) 0.24(0.17) 0.065
Power frequency acc AP [Hz]  0.99(0.50) 1.12(1.21) 0.99(0.69) 1.12(0.65) 0.199
Power frequency acc ML 2.56(1.26) 2.72(1.80) 2.36(1.29) * 2.04(0.89) * 0.027

[HZ]

Abbreviations: EO=eyes open, FOG =freezing of gait; GAIT=18-m walking test, ST =single task, SWAY =quiet standing, TUG=Timed Up and Go.
Data are presented as median (IQR).
*: Statistically significant differences between the analyzed condition (med-OFF/stim-ON, med-ON/stim-OFF, med-ON/stim-ON) and the baseline
(med-OFF/stim-OFF), according to paired data post hoc Wilcoxon test (adjusted p-value <0.05).

Finally, our study focused on spatiotemporal parameters of gait
and posture, but further and more complex locomotor disturbances
occur in PD, including FOG, postural instability, and falls. Evaluating
these aspects is an open challenge, especially using wearable inertial
sensors in real-world conditions.

This study represents the first comprehensive evaluation of
changes in quantitative parameters of gait and posture during a
standardized motor protocol employing wearable sensors within a
prospective cohort of PD subjects examined before and 6 months
after STN-DBS surgery.

While preliminary studies with a relatively small-sample size have
explored gait outcomes following STN-DBS surgery using complex

instrumental approaches [7-11], there is an increasing interest in
using wearable sensors for objective measurement [12, 45, 46].
Wearable sensors offer a cost-effective and accessible approach to
quantifying motor impairment [47-49], providing valuable insight
into treatment effectiveness. Unlike traditional methods, wearable
sensors enable gait analysis across large cohorts and various clinical
settings, including outdoor environments, offering greater flexibility
and real-world assessment [50, 51].

In conclusion, our findings support the efficacy of the subtha-
lamic nucleus stimulation in improving spatiotemporal gait param-
eters. Although similar to levodopa, stimulation provides a greater
magnitude and more stable outcome, avoiding the fluctuations
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SRM values 0.20-0.50, 0.51-0.80, and >0.80 indicate small, moderate, and large responsiveness, respectively. Negative values indicate
worsening under the respective treatment compared to the baseline condition med-OFF/stim-OFF.

associated with oral therapy. However, stimulation fails to address
other parameters, particularly gait variability, echoing the limitation

of pharmacotherapy in mitigating specific aspects of locomotor dys-

function in PD.

minergic projections from the ventral tegmental area to frontal

Indeed, both stimulation and levodopa influence locomotion
by targeting the basal ganglia, affecting the selection of motor

programs and the intensity of movement. Additionally, dopa-
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regions contribute to motivational and reward-related process,
which may account for the minor differences observed in gait
variability and FOG [52]. Nevertheless, locomotor regulation pri-
marily occurs in the brainstem's mesencephalic locomotor region,
which controls movement initiation, speed, termination, and di-
rection [16].

These results emphasize the need to explore therapeutic targets
beyond the basal ganglia and dopaminergic system and the neces-
sity to investigate novel strategies to effectively manage gait and
postural disturbances resistant to levodopa and subthalamic stimu-
lation, encompassing aspects such as gait variability, FOG, and pos-
tural instability [53].
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