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Abstract.

Background: Gait issues, including reduced speed, stride length and freezing of gait (FoG), are disabling in advanced phases
of Parkinson’s disease (PD), and their treatment is challenging. Levodopa/carbidopa intestinal gel (LCIG) can improve
these symptoms in PD patients with suboptimal control of motor fluctuations, but it is unclear if continuous dopaminergic
stimulation can further improve gait issues, independently from reducing Off-time.

Objective: To analyze before (T0) and after 3 (T1) and 6 (T2) months of LCIG initiation: a) the objective improvement of
gait and balance; b) the improvement of FoG severity; ¢) the improvement of motor complications and their correlation with
changes in gait parameters and FoG severity.

Methods: This prospective, longitudinal 6-months study analyzed quantitative gait parameters using wearable inertial sensors,
FoG with the New Freezing of Gait Questionnaire (NFoG-Q), and motor complications, as per the MDS-UPDRS part IV
scores.

Results: Gait speed and stride length increased and duration of Timed up and Go and of sit-to-stand transition was significantly
reduced comparing TO with T2, but not between TO-T1. NFoG-Q score decreased significantly from 19.3 £4.6 (TO) to
11.8+7.9(T1)and 8.4 £7.6 (T2) (T1-TO p=0.018; T2-TO p <0.001). Improvement of MDS-UPDRS-1V (TO-T2, p=0.002,
TO-T1 p=0.024) was not correlated with improvement of gait parameters and NFoG-Q from TO to T2. LEDD did not change
significantly after LCIG initiation.

Conclusion: Continuous dopaminergic stimulation provided by LCIG infusion progressively ameliorates gait and alleviates
FoG in PD patients over time, independently from improvement of motor fluctuations and without increase of daily dosage
of dopaminergic therapy.
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INTRODUCTION

Gait impairment is a common feature of Parkin-
son’s disease (PD), with a progressive worsening
during the disease course [1]. Specifically, in the
advanced PD phases we observe a progression in
severity of gait impairment, such as low gait speed,
reduced step length, and impaired rhythmicity, as
well as the onset of episodic gait impairment, such
as freezing of gait (FoG) [2, 3]. Gait parameters like
gait speed and stride length present a good response to
dopaminergic therapy for a long time in the disease
course, but this response is gradually reduced over
time. FoG can have a more unpredictable response to
dopaminergic therapy, as it may occur even in the
presence of a good control of cardinal motor fea-
tures of PD [4-6]. Gait impairment can be highly
disabling, and it is one of the main risk of falls in
advanced PD patients. In fact, a higher risk of falls
was observed in PD patients with slower walking
speed, lower cadence, shorter strides, and the strict
association of falls with episodic gait impairments
like FoG is well known [7, 8].

Literature evidence indicates that continuous infu-
sion of Levodopa/carbidopa intestinal gel (LCIG)
delivered via a percutaneous endoscopic gastrostomy
with a jejunal extension (PEG-J) may improve gait
and FoG in PD patients with suboptimal control of
motor fluctuations, also when FoG episodes seem
refractory to oral dopaminergic therapy [9-11]. LCIG
benefit on PD motor symptoms is mainly explained
by a more stable plasma concentration of levodopa
[12], as chronic disease and protracted oral levodopa
administration cause loss of striatal dopamine nerve
terminals, short levodopa half-life, delayed gastric
emptying and abnormal intestinal drug absorption
[13, 14]. It has also been postulated that more sta-
ble plasma concentration of levodopa lead to a more
physiological CNS delivery of dopamine, with the
possibility of reducing not only symptom fluctuations
but also the degree of axial symptoms that become
progressively ‘resistant’ to pulsatile dopaminergic
administration [15, 16]. However, this latter hypoth-
esis has not been proven so far. To date, it is unclear
whether the effect of a continuous dopaminergic stim-
ulation can improve gait impairment independently
from the reduction of motor fluctuations.

In this context, we performed a 6-month prospec-
tive, observational study on the effect of LCIG on
gait impairment by analyzing (a) quantitative gait
and balance parameters measured by wearable iner-
tial sensors, (b) FoG severity evaluated by the NFoG

questionnaire, (c) motor complications and their cor-
relation with changes in gait parameters and FoG
severity, before LCIG initiation (TO) and after 3 (T1)
and 6 months (T2) of continuous infusion.

METHODS

Study population

All consenting PD patients with disabling motor
fluctuations or dyskinesia who were eligible for treat-
ment with LCIG, presenting with a PD phenotype
characterized by prominent gait impairment were
consecutively recruited from the Movement Disor-
der Unit of the University of Turin (Italy), between
October 2020 and October 2022.

Patients were screened according to the follow-
ing inclusion criteria: suffering from idiopathic PD
fulfilling Movement Disorder Society criteria [17]; a
Hoehn and Yahr (H&Y) score <3 in ON therapeu-
tic condition [18]; motor fluctuations or dyskinesia
despite best medical treatment; presenting a Postu-
ral Instability Gait disorder phenotype (PIGD) as per
validated formula [19]; having a recent history of
FoG, according to a score of 1 on Question 1 of
the New Freezing of Gait Questionnaire (NFoG-Q)
[20]. Exclusion criteria were a diagnosis of demen-
tia supported by a Montreal Cognitive Assessment
(MoCA) score<21 [21]; inability to walk indepen-
dently for 10 meters in therapeutic ON condition;
gastric abnormalities incompatible with PEG-J place-
ment; current or past treatment with other advanced
PD therapies, including deep brain stimulation or sub-
cutaneous apomorphine.

All data were collected at baseline (T0), before
PEG-J implant, and 3 (T1) and 6 (T2) months after
initiation of LCIG treatment. At baseline, patients
were evaluated both in the practically defined OFF
(following an overnight withdrawal of antiparkinso-
nian medications, at least 12 hours) and ON condition
(45 minutes after the administration of 1.5 X the
usual levodopa morning dose). At T1 and T2, patients
were evaluated in daily-ON condition, during regular
LCIG infusion, like previously reported [9] (Fig. 1).

Endpoints

Our primary endpoint was to evaluate the objec-
tive improvement of gait parameters 3 and 6 months
after LCIG initiation using a quantitative, instrumen-
tal evaluation of gait by wearable inertial sensors.
Secondary endpoints were the evaluation of FoG
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Fig. 1. Flow chart of study, with the assessment conducted at each visit. NFoG-Q, New Freezing of Gait Questionnaire; MoCA, Montreal
Cognitive Assessment; FES, Falls Efficacy Scale; MDS-UPDRS, Movement Disorder Society — Unified Parkinson’s Disease Rating Scale;
UDysRS, Unified Dyskinesia Rating Scale; LCIG, Levodopa-Carbidopa Intestinal Gel.

and motor fluctuations severity improvement 3 and 6
months after LCIG initiation using the NFoG-Q and
MDS-UPDRS-IV scores, as well as the correlation
between MDS-UPDRS-IV changes and the changes
of gait parameters and NFoG-Q. The reduction of
falls and changes in motor symptoms as per MDS-
UPDRS-III and dyskinesia as per the Unified Dysk-
inesia Rating Scale (UDysRS), were also analyzed.

Procedures

Digital gait and balance analysis

All patients underwent instrumental evaluation of
gait and balance parameters using wearable iner-
tial sensors (Opal, APDM’s Mobility Lab system)
placed at multiple points in the upper and lower body
(two sensors attached on the feet, two at outer sur-
face of the thighs, one at right hip joint, one on the
sternum, and one at lumbar level) [22]. The Opal
sensor includes a tri-axial accelerometer, gyroscope,
and magnetometer with a sampling rate of 128 Hz.
A range of spatio-temporal gait characteristics are
available as automatic output from sensors and pro-
cessed using manufacturer provided software with
validated algorithm [23]. Only data directly avail-
able from the Mobility Lab software were considered
as study outcomes. The tasks consisted of a battery
of standardized motion tests, conducted in the usual
outpatient examination room:

e 2 minute walking test 2MWT): this test was
conducted in adequate space to allow a 2 minute
walk, back and forth in a straight line and per-

forming tight turnings, at a comfortable pace and
with a distance of 10 meters per lap. This test
measures full body gait, asymmetry, variability
and turning. We considered the following out-
puts: the gait speed (m/s), the double support (%
gait cycle time GCT, the percentage of the gait
cycle in which both feet are on the ground), the
Stride Length (m), and the Step Duration (s).
Timed Up and Go (TUG) test, with subjects
asked to stand up from a chair, walk 3 m straight,
turn around, walk back, and sit down, at a
comfortable pace. This is a test for measure
of postural transitions. We considered the fol-
lowing outputs: the TUG duration (s), the turn
duration (s), the turn velocity (degree/s), the Sit
to stand duration (s), the Stand to sit duration (s).
360° Turn Test, with patients required to start
from standing position, make a turn 360°
clockwise, and as soon as they return to the ini-
tial position, 360° counterclockwise. This is a
measure of dynamic balance. The parameters
considered were the Turn duration (s) and the
Turn velocity (degree/s).

Sway test, with patients asked to remain in bal-
ance during an upright standing position for 30 s,
with arms at rest and eyes closed. This is a test for
evaluation of quiet stance balance. The param-
eters considered were the sway area (mz/s4, the
area of an ellipse covering 95% of the sway angle
in both the coronal and sagittal planes), and the
Root mean square (RMS) area (m/s?, RMS of
the sway angle in both the coronal and sagittal
planes).
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Gait and balance evaluations were performed in
two conditions, the practically defined OFF condition
(following an overnight withdrawal of antiparkinso-
nian medications) and the ON condition (after the
administration of 1.5 X the usual levodopa morn-
ing dose); at T1 and T2 follow-up the assessment
was carried out in daily-ON condition (during LCIG
infusion), as previously reported [9].

FoG characterization and other clinical
evaluations

The FoG experience in daily life of the patients
was quantified using the New Freezing of Gait Ques-
tionnaire (NFoG-Q), a self-reported questionnaire
assessing the clinical aspects of freezing (frequency
and duration) and its impact on quality of life in the
previous month [20].

Patients were also evaluated for PD symptoms and
their fluctuations by a movement disorder expert as
per the MDS-UPDRS Parts I-1I-1V, further charac-
terization of dyskinesia as per the Unified Dyskinesia
Rating Scale (UDysRS), PD stage as per the Hoehn
and Yahr (H& Y) score [18], cognitive abilities as
per the the MoCA (Montreal Cognitive Assessment)
[21], levodopa equivalent daily dose (LEDD) calcu-
lated according to a validated conversion table [24],
number of falls in the past month [25] and fear of falls
as per Falls Efficacy Scale [26]. These evaluations
were conducted at each visit.

Clinical motor evaluation based on MDS-UPDRS
part III at baseline was carried out at baseline (in OFF
and ON condition), and at T1 and T2 (in daily ON
condition).

FoG was further categorized in four different sub-
types (OFF-type, Pseudo-ON, Unresponsive, and
True-ON) based on the score of MDS-UPDRS item-
3.11 in medication ON and OFF conditions at
baseline evaluation, like previously reported [9].

Supplementary analysis: long-term follow up

Patients available at long-term time-point (more
than 12 months since LCIG start) were called back for
alast evaluation, conducted in the morning, replacing
the morning dose of LCIG therapy with oral lev-
odopa (1.5 X the usual levodopa morning dose), to
perform the same digital gait and balance analysis.
The NFoG-Q and number of falls in the past month
were also collected. This last analysis was performed
to verify the possible benefit of a long-term contin-

uous dopaminergic therapy on gait due to possible
motor network reorganization.

Statistical analysis

Descriptive statistics (mean == SD) was used for
continuous variables while frequency for categor-
ical data. The nonparametric Friedman test was
used to compare data collected from three time
points, followed by post-hoc pairwise comparisons
with Bonferroni correction for multiple comparisons.
Significant differences among the conditions were
determined based on adjusted significance levels. The
same analysis was conducted also for comparison
with the evaluation conducted at long-term follow-
up (T3). The Wilcoxon rank sum test was applied
for comparisons of continuous variables whenever
evaluated in two time points only.

To explore the potential correlation between the
change in motor complications and the changes
in NFoG-Q and in gait and balance parameters,
we calculated the percentage improvement between
baseline (T0) and last follow-up (T2) assessments. As
an example, the improvement in NFoG-Q was deter-
mined using the formula: ANFoG-Q = (NFOG-Q at
T2 — NFoG-Q at T0)/NFoG-Q at TO. For gait and
balance measures, we considered in the analysis only
outcome measures that significantly improved from
TO to T2. These correlations were analyzed using the
Spearman’s rank correlation test.

All employed tests were two-tailed, and a
p-value < 0.05 was considered as statistically signif-
icant.

Data were analyzed using the Statistical Package
for the Social Sciences (SPSS 28). The study con-
forms to World Medical Association Declaration of
Helsinki principles and was approved by the local
institutional review board “A.O.U. Citta della Salute
e della Scienza di Torino — A.O. Ordine Mauriziano —
A.S.L. Citta di Torino” (protocol number 0106090),
and all patients gave their written informed consent
to participate in the study.

RESULTS

Twelve PD patients were included in the study, and
all of them completed the three study phases (TO,
T1 and T2). Mean age, disease duration, and H& Y
stage in ON condition were 66.9 + 9 years, 11.1 £2.1
years,and 2.4 £ 0.9, respectively. Demographic, clin-
ical, and therapeutic data of the cohort are detailed in
Table 1.



G. Imbalzano et al. / LCIG benefits on Gait & Freezing in PD 847

Table 1
Patients’ baseline demographic and clinical features

Sex (males/females) 15 (58.3%/42.7%)

Age at onset of disease (y)

Age at LCIG start (y)

Disease duration at LCIG start (y)
Motor fluctuations duration (y)
Therapy at baseline

55.54+7.1 (39-63)
66.9 £ 9 (45-80)
11.1+2.1 (6-16)
4.14£2.2(2-10)

Levodopa 12 (100%)
Dopamine agonists 5 (41.7%)
MAO-B inhibitors 4 (33.3%)
COMT inhibitors 3 (25%)

COMT inhibitors + MAO-B inhibitors 1(8.33%)
Antipsychotics 1(8.33%)

Results are reported as average + standard deviation (range) or
absolute values (percentage), as appropriate. LCIG, Levodopa-
Carbidopa Intestinal Gel; COMT, Catechol-O-methyltransferase;
MAO-B, Monoamine oxidase-B.

All patients presented a TD/PIGD score <0.9
and experienced FoG at baseline. 9 patients pre-
sented at baseline evaluation OFF-type FoG and 3
patients a pseudo-ON FoG. Continuous LCIG infu-
sion was maintained for an average of 12.7+£2.2h
in daytime; LEDD remained stable after LCIG ini-
tiation, with a slight, not significant increase from
1275.4 £374.1 mg at baseline to 1284.1 +430.5 mg
at T1, and 1317 £426.6 mg at T2 (p=0.779).

At Dbaseline, 7 patients were treated also
with dopamine agonists (DAs) and/or monoamine
oxidase-B inhibitors (iMAO-B) and/or cathecol-o-
methyl-transferase inhibitors (iICOMT) (Table 1).
After LCIG initiation, 4 patients continued on DAs,
and 1 on MAO-B; moreover, 2 patients started aman-
tadine for better control of dyskinesia at dosage of
100 mg once daily between T1 and T2. No patients
presented a FoG unresponsive to the levodopa chal-
lenge test conducted at TO.

Improvement of gait parameters

During the 2MWT, we observed a significant
improvement in gait speed (p =0.028), ranging from
0.67£0.27m/s at TO to 0.72£0.15m/s at T1 and
0.77 £ 0.2 m/s at T2 (post-hoc analysis significant for
T2 vs. TO; p=0.024), and stride length (p=0.013),
ranging from 0.81+0.3m at TO to 0.85+0.2m at
T1 and 0.91 £ 0.2 m at T2 (post-hoc analysis signif-
icant for T2 vs. TO; p=0.013). Step duration and
double support did not change significantly during
the 2MWT (Table 2; Fig. 2).

During the TUG test, we observed a significant
decrease in the total test duration (p =0.039), rang-
ing from 20.1 =8.4sat TO to 16.9+£3.1s at Tl and

16.9+6.1s at T2 (post-hoc analysis significant for
T2 vs. TO; p=0.043) (Fig. 3), and in the Sit to Stand
duration (p =0.017), ranging from 1.17 £ 0.17 s at TO
t0 1.09 £0.25satT1,t00.96 + 0.25 s at T2 (post-hoc
analysis significant for T2 vs. TO; p=0.013). Turn
velocity and turn duration did not change significantly
(Table 2; Fig. 2).

The turn duration (p =0.273) and the turn velocity
(p=0.436) did not change significantly during the
360° turn test (Table 2; Fig. 3), as well as the sway area
(»p=0.517) and the RMS sway (p=0.754) obtained
during the sway test (Table 2).

Improvement of FoG

The severity of FoG showed a significant improve-
ment after LCIG start (p < 0.001), with NFoG-Q score
ranging from 19.3+4.6 at TO to 11.8£7.9 at T1
and 8.4 7.6 at T2 (post-hoc analysis significant for
T1 vs. TO -p=0.018-, and T2 vs. TO -p<0.001-)
(Fig. 3).

Considering the possible confounding factor given
from Amantadine start between T1 and T2 and its
effect on FoG [27], we repeated our analysis exclud-
ing the two patients who started this therapy, with
similar results. NFoG-Q score ranged from 18.2 + 3.9
atTOto 12.4+7.5atT1 and 8.4 = 7.4 at T2 (post-hoc
analysis significant for T2 vs. TO; p=0.001).

Motor symptoms, falls, and motor complications

PD motor symptoms did not significantly differ
during the study, with MDS-UPDRS part III total
score ranging from 19.4 4+ 8.8 at TO, to 22.5+12
at T1 and 23.2+7.4 at T2 (p =0.273). The number
of falls of the previous month gradually decreased
during follow-up, ranging from 0.9 £ 1.0 at TO, to
0.25+0.87 at T1 and 0.17£0.39 at T2 (p=0.009)
(Table 2).

Motor complications significantly improved after
LCIG initiation (p<0.001), with MDS-UPDRS IV
scores ranging from 12.6 £2.9 at TO, to 7.8 2.2
at T1, and 7.2+2.1 at T2 (post-hoc analysis sig-
nificant for T2 vs. TO -p<0.001-, and T1 vs. TO
-p=0.007-), with a significant reduction also for the
subsection of motor fluctuations (sum of score 3-4-
5 of MDS-UPDRS IV; 7.3+£1.9 at TO, 4.8 £1.2 at
T1,3.8+2atT2, p=0.002; T1 vs. TO p=0.043; T2
vs. TO p=0.001) but not of dyskinesia (sum of score
1-2 of MDS-UPDRS, p =0.176) (Table 2). However,
the total score of the UDysRS improved significantly
after LCIG (33.6+14.3 at TO, 19.2+11.7 at T1,



848 G. Imbalzano et al. / LCIG benefits on Gait & Freezing in PD

Gait speed (m/s) Stride Length (m)
* sk

1.2 1.2

-
1
-
—
—
2 e

0.8 ; T 0.8
I 5
0.6 0.6
0.4 0.4
0.2 0.2
0 0
Baseline 3 Months 6 Months Baseline 3 Months 6 Months
TUG Duration (s) TUG - Sit To Stand Duration (s)
sk %
® | B = |
35 1.6
30 1-4 = ¥
! i .
25 1:2 2 l i
T 1
20 : | .
1 - 0.8
15
0.6
10 0.4
5 0.2
0 . 0
Baseline 3 Months 6 Months Baseline 3 Months 6 Months

Fig. 2. Kinematic parameters significantly improved after LCIG initiation. Data are reported as mean values of all 12 patients, and the
bars represent the standard deviation. Only data with statistical significance at the Friedman test are graphically reported. Individual scores
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Table 2
Patients’ clinical and kinematic prospective assessment

TO — Baseline T1 - 3 months T2 — 6 months p
MDS-UPDRS I 13.5+£3.8 143+42 13.5£2.6 0.662
MDS-UPDRS II 19.1+64 17.5+5.6 16.1£4.5 0.457
MDS-UPDRS III 49.2 £16.4 (OFF)

19.4 £ 8.8 (ON) 225+ 12 232+74 0.273
Hoehn and Yahr stage 2.9 4+ 1.0 (OFF)

2.440.9 (ON) 22404 24405 0.368
MDS-UPDRS IV 12.6 £2.9%" 7.84+£2.2" 72+2.1% <0.001
MDS-UPDRS 1V dyskinesia (items 4.1-4.2) 35£19 22422 30£23 0.176
MDS-UPDRS IV motor fluctuations (items 4.3 — 4.4 —4.5) 73+1.9%" 4.8+1.2" 3.8+2.0% 0.002
UDysRS — Total score 33.6 + 143" 192+£11.7" 18.6 £ 13.5* 0.003
LEDD (mg) 1275.4 £374.1 1284.1 £430.5 1317 £426.6 0.779
LCIG total daily dosage (mg) 493+154 50.6+£16.9 0.109
Hours per day (12.7+2.2) (12.7+2.2)
N-FoG-Q - Total score 19.3+4.6" 11.8+7.9" 8.4+7.6* <0.001
FES 28.8+12.2 28.3+12.2 26.1+£7.8 0.517
Number of falls (last month) 09+1.0 0.254+0.87 0.17£0.39 0.009
MoCA 24.1+3.7 25+34 23.9+3.6 0.856
2MWT — Gait speed (m/s) Normative 1.04 — 1.64 m/s 0.67 £0.27* 0.72+£0.15 0.77+£0.2* 0.028
2MWT - Step duration (s)Normative 0.450 — 0.580 s 0.63 £0.09 0.61£0.1 0.60 £ 0.08 0.096
2MWT - Stride Length (m) Normative 1.11 — 1.66 m 0.81 £0.24* 0.85+£0.15 0.91+0.2* 0.013
2MWT — Double support (%GCT) Normative 12.4 — 24.6 % 272+173 24.7+4.8 253+6.2 0.779
TUG - Duration (s) Normative 6.28 — 11.6 s 20.1 +8.4* 16.9+3.1 16.9+6.1* 0.039
TUG - Turn velocity (degree/s) Normative 158 — 322 degree/s 138.5+41.6 143.7£26.8 147.1£38.9 0.517
TUG - Turn duration (s) Normative 1.42 — 2.53 s 2.73+£0.9 2.61£0.50 2.49+0.59 0.587
TUG - Sit To Stand duration (s) Normative 0.69 — 1.27 s 1.17£0.17* 1.09£0.25 0.96 +0.25* 0.017
360° — Turn duration (s) Normative 1.86 — 3.80 s 4.69+1.54 4.7+1.07 437+£1.13 0.273
360° — Turn velocity (degree/s) Normative 146 — 359 degree/s 128.3£65.1 130.1 £44.1 136.7£23.9 0.436
Sway — Area (m?/s*) Normative 0.248 — 1.59 m?/s# 8.86 + 6.66 8.33+6.66 8.21 +5.68 0.517
RMS Sway (m/s?) Normative 0.231 — 0.661 m/s® 1.23+0.59 1.17£0.39 1.18£0.36 0.754

Results are reported as mean =+ standard deviation. Normative values reported on Mobility lab software are reported for each gait or balance
evaluation conducted. Statistical difference at post-hoc analysis between two evaluations is reported with *(if between assessment at TO and
T2) or "(if between assessment at TO and T1). MDS-UPDRS, Movement Disorder Society — Unified Parkinson’s Disease Rating Scale;
UDysRS, Unified Dyskinesia Rating Scale; LEDD, Levodopa Equivalent Daily Dose; N-FoG-Q, New Freezing of Gait Questionnaire;
MoCA, Montreal Cognitive Assessment; FES, Falls Efficacy Scale; LCIG, Levodopa-Carbidopa Intestinal Gel; 2MWT, 2 Minute Walking
Test; TUG, Timed Up and GO; GCT, Gait Cycle Time; RMS, Root Mean Square.

18.6 £ 13.5 at T2; p=0.003; T1 vs. TO p=0.018; T2
vs. TO p=0.007).

Correlations between gait and motor
complication changes

No significant correlations were found between the
improvement of MDS-UPDRS IV and the improve-
ment of gait parameters (Supplementary Table 1).
Specifically, we observed no correlation between
T2 vs. TO changes of MDS-UPDRS IV score
and changes of gait speed (rtho=-0.214, p=0.505),
stride length (rho=-0.266, p=0.403), TUG duration
(rho=-0.305, p=0.336), TUG Sit to Stand duration
(tho=0.137, p=-0.455), and change of 360° Turn
duration (rtho=-0.214, p=0.505).

Also, we found no correlation between T2 vs.
TO improvement of MDS-UPDRS IV and NFoG-Q
scores (rho=0.154, p=0.560).

Finally, we found no significant correlation
between the T2 vs. TO changes of the motor fluctua-
tions subsection of the MDS-UPDRS IV and of the
gait parameters and NFoG-Q scores (Supplementary
Table 1).

Supplementary analysis: long-term follow up

Nine of twelve patients were evaluated at the
long-term follow-up analysis (T3), with an aver-
age duration of LCIG therapy of 26.3 £ 7.6 months
(range 14-38 months). Of the three drop-outs, one
patient discontinued LCIG after 24 months due to
cognitive decline and difficulty with pump mainte-
nance, one patient was institutionalized 36 months
after LCIG start, and one patient refused to conduct
another evaluation while turning off the pump.

The NFoG-Q score (total score =13.1 & 10.5) was
still better compared to baseline (p =0.002) (T3 vs.
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TO p=0.045). Falls were lower than baseline (only
one patients presented a fall in the previous month
at T3), although the analysis did not reached statisti-
cal significance (p =0.052). Regarding gait analysis,
patients performed better or similar gait perfor-
mances than baseline, and significant improvement at
post-hoc analysis between T3 and TO were observed
for stride length (p =0.014) (T3 vs. TO p=0.036) and
TUG total duration (p =0.040) (T3 vs. TO p=0.045)
(Supplementary Table 2).

DISCUSSION

In this longitudinal, objective assessment of gait
and FoG changes in PD patients treated with
LCIG infusion therapy, we found that the main
spatio-temporal parameters of gait and FoG sever-
ity significantly improved after LCIG initiation, with
a progressive improvement over 6 months. Interest-
ingly, motor complications, and specifically motor
fluctuations, also improved with LCIG as expected;
however, their improvement was not correlated with
the improvement of gait impairment. The progres-
sive amelioration of gait and FoG from TO to T1 (i.e.,
3 months after LCIG start) and T2 (i.e., 6 months
after LCIG start) and the lack of correlation with the
reduction of daily Off time, endorses the hypothesis
of continuous dopaminergic stimulation providing a
specific improvement of gait impairment, indepen-
dently from the improvement of motor fluctuations
[9-11].

Several studies suggest that long-term pulsatile
levodopa treatment induces alteration in postsynap-
tic dopaminergic receptors [28, 29], favoring the
appearance of gait and balance disturbances and
therapy-resistant FoG. In a recent study conducted
by our group on advanced PD patients treated with
LCIG and presenting FoG episodes despite good con-
trol of motor cardinal symptoms, we hypothesized
the possibility of a higher threshold for the improve-
ment of axial motor symptoms, demonstrating an
objective improvement in FoG with higher levodopa
doses [22]. The current study primarily focused on
the potential of transition to a continuous dopaminer-
gic stimulation, as opposed to pulsatile treatment, to
overcome the activation of these aberrant motor cir-
cuits [30]. It is interesting to note that in the present
study the greatest improvement was observed at the
longest follow-up, despite the absence of a signif-
icant increase of LEDD between TO, T1 and T2.
This observation strengthens the hypothesis that gait

disturbances are induced, at least in part, by aber-
rant synaptic plasticity that need longer time to be
modulated, as already postulated for Deep Brain
Stimulation [30, 31]. To support this pathophysio-
logical hypothesis, the re-evaluation at a long-term
time-point (mean of about 26 months from LCIG
start), confirmed the improvement of FoG when com-
pared with baseline. It is also relevant to note that the
gait analysis at T3, conducted in the morning with
an oral levodopa dose, showed similar or even better
parameters than baseline, with significant improve-
ment of the stride length and the TUG test duration.
These results provide new insight into how long-
term motor disabilities might be partially restored
rather than just masked by continuous dopaminer-
gic delivery, endorsing the hypothesis of a beneficial
effect of continuous dopaminergic delivery which
goes beyond the simple stabilization of levodopa
plasma levels. These findings, despite limited by the
small sample size, might be useful to support indi-
cations for infusion therapies in selected patients,
especially considering new available strategies like
levodopa subcutaneous infusion. This kind of indica-
tion would be even more relevant when considering
the possibility of a lower risk of falls likely provided
by the reduction of FoG severity and improvement of
gait parameters; unfortunately, despite the reduced
number of falls over follow-up in our cohort, the sta-
tistical analysis of our data did not prove a significant
change in the number of falls. It is possible that this
result is impacted by the low number of falls at base-
line along with a small sample size, thus reducing
the power to disclose a group-level statistical dif-
ference. Given the strength of correlation between
falls and hospitalization and mortality in PD [25],
further longitudinal studies with larger sample size
are warranted to verify the possible beneficial impact
of LCIG or other infusion therapies on falls.

We did not observe an improvement in global
motor performance assessed by MDS-UPDRS 1III in
ON condition at the three timepoints, which indi-
cates an improvement of the gait parameters also
independent from the control of cardinal symptoms
[4, 5, 32]. As expected, the MDS-UPDRS part IV
score improved significantly after LCIG initiation
[33], except for the dyskinesia susbcore. However,
the limited sensitivity of this subsection for dyskine-
sia assessment is well known, and in fact we observed
a significant improvement over time of dyskinesia,
when assessed by the UDysRS scale [34, 35].

Differently from previous studies on the role of
LCIG on axial symptoms, our study present the inno-
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vation of a prospective, longitudinal design and the
adoption of motion sensors for gait and balance
assessment, allowing an objective and quantitative
analysis of gait impairment. Interestingly, both con-
stant and episodic gait impairments improved. The
implementation of APDM Mobility Lab for gait and
balance assessment in PD has been previously vali-
dated, and it was also proposed as a potential tool to
monitor the progression of the disease [23, 36], espe-
cially for the quick assembly and data processing of
these small sensors, able to provide outcomes that can
be used directly by the clinician without the need for
raw data reprocessing or analysis. Endorsing the use-
fulness of this assessment, a recent study conducted
with sensor-based gait analysis during subcutaneous
apomorphine titration confirmed that gait param-
eters as gait speed and stride length can support
clinical assessment of individual PD patients during
dopaminergic treatment [37]. Moreover, the imple-
mentation of technology in PD assessment has been
endorsed in recent MDS consensus statement [38],
for more sophisticated characterization of patients’
function, better tailoring of symptomatic therapy,
and consequently improved health care outcomes.
Finally, we performed a follow-up including two
different observations within 6 months since LCIG
start. This design allowed us to disclose a progres-
sive improvement of gait over time, while limiting an
excessive time-span since the LCIG start, reasonably
allowing us to avoid a significant influence of disease
progression on gait.

This study has some relevant limitations. First, the
sample size was relatively small, albeit similar to
previous studies aimed at finding therapeutic effect
on FoG. This is mainly explained by the Covid-
19 pandemic limitations that resulted in enrollment
delays and reduced the number of patients admitted
to advanced therapies [39]. However, we performed
a deep characterization of each patient, and the rel-
atively small sample size did not interfere with our
possibility to disclose significant improvement in the
main outcome measures. A second limitation of the
study is the absence of an objective measurement
of FoG using motion sensors. Research is ongoing
to determine the best algorithm for an automatic
detection of FoG [40], and algorithm for FoG eval-
uation directly from the APDM were also reported
[41]. Nevertheless, this phenomenon exhibits a great
variability during a single clinical assessment, and
at the current time reliable software with automated
home analysis is not yet available [42, 43]. Thus, we
opted for an evaluation of FoG based on a validated,

patient-centered questionnaire able to capture a more
comprehensive change of FoG frequency and severity
over time. On the other hand, a possible shortcoming
could be the poor usability of the NFoG-Q as a rel-
evant outcome measure; nevertheless, the difference
between baseline and T2 scores exceeded the limit of
9.95 (35.5%), recently suggested as threshold neces-
sary to overcome the measurement error of the tool,
and indicating the clinical relevance of our findings
for the treatment of FoG in advanced PD [44]. Finally,
the open label study design and the absence of a con-
trol group need to be considered as another limitation
of the study.

These limitations notwithstanding, our study indi-
cates that LCIG therapy can effectively improve
continuous and episodic gait impairment in advanced
PD patients independently from the improvement
of motor fluctuations. The significant improvements
observed after six months of therapy with a stable
dosage of dopaminergic therapy, highlight the poten-
tial of LCIG as a valuable treatment option for gait
issues in PD. This aspect is even more interesting
if considering the recent approval of other forms of
continuous levodopa delivery (i.e., subcutaneous lev-
odopa infusion). Further investigations are warranted
to unravel the complex pathophysiology underlying
these improvements and to explore long-term trends.
Moreover, the integration of new technologies holds
promise for enhancing precision and individualiza-
tion in the management of axial PD symptoms.
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