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Objective: Bradykinesia and rigidity are considered closely related motor signs in Parkinson disease (PD), but recent
neurophysiological findings suggest distinct pathophysiological mechanisms. This study aims to examine and compare
longitudinal changes in bradykinesia and rigidity in PD patients treated with bilateral subthalamic nucleus deep brain
stimulation (STN-DBS).
Methods: In this retrospective cohort study, the clinical progression of appendicular and axial bradykinesia and rigidity
was assessed up to 15 years after STN-DBS in the best treatment conditions (ON medication and ON stimulation). The
severity of bradykinesia and rigidity was examined using ad hoc composite scores from specific subitems of the Unified
Parkinson’s Disease Rating Scale motor part (UPDRS-III). Short- and long-term predictors of bradykinesia and rigidity
were analyzed through linear regression analysis, considering various preoperative demographic and clinical data,
including disease duration and severity, phenotype, motor and cognitive scores (eg, frontal score), and medication.
Results: A total of 301 patients were examined before and 1 year after surgery. Among them, 101 and 56 individuals
were also evaluated at 10-year and 15-year follow-ups, respectively. Bradykinesia significantly worsened after surgery,
especially in appendicular segments (p < 0.001). Conversely, rigidity showed sustained benefit, with unchanged clinical
scores compared to preoperative assessment (p > 0.05). Preoperative motor disability (eg, composite scores from the
UPDRS-Ill) predicted short- and long-term outcomes for both bradykinesia and rigidity (p < 0.01). Executive dysfunction
was specifically linked to bradykinesia but not to rigidity (p < 0.05).
Interpretation: Bradykinesia and rigidity show long-term divergent progression in PD following STN-DBS and are asso-
ciated with independent clinical factors, supporting the hypothesis of partially distinct pathophysiology.
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ccording to the International Parkinson’s Disease and

Movement Disorders Society consensus criteria, the
clinical diagnosis of Parkinson disease (PD) can be
achieved when bradykinesia occurs in combination with
resting tremor and/or rigidity." Resting tremor is consid-
ered an independent motor sign characterized by specific
pathophysiology, course, and treatment response.” Resting
tremor is not correlated with bradykinesia, rigidity, or
dopamine depletion in the substantia nigra and shows a
variable response to L-dopa.”” By contrast, bradykinesia
and rigidity are usually considered closely related motor
signs that reflect the dopaminergic denervation in the
nigrostriatal pathway.” A strong clinicopathological corre-
lation exists between the severity of bradykinesia and
rigidity, the neuronal loss of dopaminergic cells, and the
volume reduction in the substantia nigra among patients
with PD.” Accordingly, bradykinesia and rigidity show
similar excellent improvements after the acute administra-
tion of L-dopa.* Furthermore, neurophysiological record-
ings reveal a close association between these signs and
synchronized neuronal oscillations at beta band frequen-
cies within the cortico-basal ganglia loops.” Additional
evidence supporting the hypothesis that bradykinesia and
rigidity share overlapping pathophysiological mechanisms
comes from animal models based on nigrostriatal damage,
mimicking the parkinsonian akinetic—rigid syndrome.®
Notably, there are no animal PD models currently capable
of disentangling bradykinesia and rigidity, thus indicating
overlapping anatomic substrates.®

However, several recent observations suggest that
bradykinesia and rigidity may reflect at least partly
independent mechanisms. Whereas bradykinesia would
prominently reflect a network dysfunction in the cortico-
basal-ganglia—thalamocortical loop,” ™ rigidity more likely
arises from functional changes in specific brainstem
circuits and descending neuronal pathways to the spinal
cord.""™"? Hence, to better clarify possible pathophysio-
logical differences and thus disentangle bradykinesia
and rigidity in people with PD, innovative ad hoc
designed studies are crucially warranted. The use of
methodologies able to differently modulate bradykinesia
and rigidity in PD, like deep brain stimulation of the
subthalamic nucleus (STN-DBS),'*!® would help
address this issue.

So far, no previous large cohort studies have specifi-
cally compared and analyzed differences in the short- and
long-term  pattern of the response of bradykinesia
and rigidity to STN-DBS. Also, none has examined
the progression of bradykinesia and rigidity following
STN-DBS specifically focusing on body topography.
Appendicular and axial segments may show differential
responses to treatments and distinct prognostic implications

in PD.""'® Lastly, no studies have investigated specific
clinical predictors associated with short- and long-term
bradykinesia and rigidity following STN-DBS. Filling these
gaps would contribute to clarifying whether bradykinesia
and rigidity reflect at least partly independent pathophysio-
logical underpinnings in PD.

The present study aims to investigate the short- and
long-term progression of bradykinesia and rigidity in a
large cohort of PD patients with STN-DBS followed lon-
gitudinally up to 15 years. By employing a focused and
systematic methodological approach, the study also aims
to differentiate the progression of bradykinesia and rigidity
according to body topography. Finally, the study investi-
gates short- and long-term clinical predictors of

bradykinesia and rigidity in PD.

Patients and Methods

This retrospective cohort study followed the guidelines
provided in the STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) document, as
detailed in Supplementary Materials S1. The study proto-
col was reviewed and approved by the institutional
research center authority of Grenoble Alpes University
Hospital before implementation. Informed consent was
obtained from each subject.

Study Population

A retrospective evaluation of people with PD who under-
went bilateral STN-DBS at Grenoble Alpes University
Hospital (Grenoble, France) from 1993 to 2010 was con-
ducted. To be eligible for surgery, patients had to meet
the following criteria: a clinical diagnosis of idiopathic PD
according to the UK Brain Bank criteria'”; presence of
motor complications (ie, fluctuations and/or L-dopa-
induced dyskinesia) despite optimized antiparkinsonian
medications; age younger than 75 years; absence of
dementia, major ongoing psychiatric illness, or relevant
structural abnormalities on brain magnetic resonance
imaging, such as severe atrophy or diffuse cerebral ische-
mic lesions; and no surgical contraindications. Individuals
who had undergone previous neurosurgical brain interven-
tions or had DBS targets other than STN, surgical compli-
cations, implantation of more than two electrodes, or
electrode misplacement requiring lead revision were
excluded from the study. Tremor alone was not the main
criterion for undergoing STN-DBS in patients with
tremor-dominant phenotype.

Clinical Assessments

All subjects underwent a detailed neuropsychiatric evalua-
tion before surgery (baseline) as well as an L-dopa
challenge, using established indications and procedures.zo
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At different time points (before surgery and at
1 year, 10 years, and 15 years after surgery), patients were
assessed using the Unified Parkinson’s Disease Rating
Scale (UPDRS) up to 2011 and the Movement Disorder
Society-sponsored revision of the UPDRS (MDS-UPDRS)
after 2011; the axial score (sum of items 27 or 3.9, 28 or
3.13, 29 or 3.10, and 30 or 3.12 of the UPDRS or
MDS-UPDRS, respectively)ﬂ’zz; the Hoehn and Yahr scale
(H&Y); the Mattis Dementia Rating Scale (MDRS); and
the frontal score (ie, up to 20 points derived from the Wis-
consin Card Sorting Test criteria multiplied by 3, with an
additional 42 points if the responses needed are <43; up to
10 points from the scores of the Verbal Fluency Test
divided by 3; and up to 20 points from the Graphic and
Motor Series, for a maximal score of 50 points).”
To ensure comparability, we converted available
MDS-UPDRS-II scores to UPDRS-III scores using stan-
dardized formulas.**

Whereas at baseline patients were evaluated in both
the OFF and ON medication conditions, postoperative
assessments at 1, 10, and 15 years after STN-DBS surgery
were conducted in the optimized treatment condition,
that is, in the chronic ON medication and ON stimula-

tion condition.

Statistical Analysis

Data were collected at baseline and 1, 10, and 15 years
after  STN-DBS surgery. Information was manually
extracted from medical records and entered in a custom-
ized database for statistical analysis. The study collected
demographic and clinical information at baseline, includ-
ing age, sex, age at disease onset, age at surgery, disease
duration at surgery, PD phenotype (calculated through
published clinical algorithms®®), dopaminergic medication
using L-dopa equivalent daily doses (LEDDs), and the
above cited standardized scales and scores.

The primary outcome was the longitudinal evaluation
of bradykinesia and rigidity at the appendicular and axial
regions, as assessed at baseline and 1, 10, and 15 years after
STN-DBS in the best treatment conditions (ie, ON
medication and ON medication/ON stimulation before
and after surgery, respectively).

The severity of appendicular bradykinesia and rigid-
ity was measured at baseline and follow-up visits, at the
more and less affected sides, using specific composite
scores including the sum of the following UPDRS/MDS-
UPDRS part III items: items 23/3.4 (ie, “finger tapping”)
and 26/3.8 (ie, “leg agility”) for appendicular bradykinesia
(range = 0-8); and items 22/3.3 (ie, “rigidity of the upper
limb”) and 22/3.3 (ie, “rigidity of the lower limb”) for
appendicular rigidity (range = 0-8). The choice of using a
single item (“finger tapping”) to represent upper limb
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bradykinesia was made because of its already proven high
sensitivity and accuracy in bradykinesia evaluation.”® The
more and less affected sides were determined based on
the onset side and severity of symptoms at baseline. Con-
cerning axial bradykinesia and rigidity, items 19/3.2
(ie, amimia) and 22/3.3 (ie, neck rigidity) of the UPDRS/
MDS-UPDRS part III were respectively used (range = 0-4).
While strictly connected to the craniocervical region, amimia
and neck hypertonia effectively mirror the axial distribution
of bradykinesia and rigidity. These signs are notably associ-
ated with additional axial disorders, including speech,
swallowing, posture, gait, and balance issues.””*® However,
in this study, only amimia and neck rigidity have been
considered. Due to the non-normal distribution of data
and censored data at the long-term follow-up (ie, 10 and
15 years after surgery), the Skillings—Mack test and the
Wilcoxon test were used to compare composite scores of
bradykinesia and rigidity over time (ie, repeated measures),
at both the appendicular and axial regions. To assess the
degree of change between bradykinesia and rigidity at dif-
ferent time points, the percentage variation of these signs
from baseline at 1-, 10-, and 15-year follow-ups was ana-
lyzed with the Kruskal-Wallis test and the Mann—Whitney
test. Specifically, we compared the percentage changes of
bradykinesia to those of rigidity at each time point. The
Kruskal-Wallis test and the Mann—Whitney test were also
adopted to examine the evolution of symptoms with respect
to body segments by comparing the percentage variation of
bradykinesia and rigidity between appendicular and axial
regions.

The secondary outcome consisted of the preopera-
tive predictors of appendicular and axial bradykinesia and
rigidity (ie, dependent variables) at 1, 10, and 15 years
after STN-DBS surgery. Given the continuous nature of
composite scores, which reflect a spectrum of severity
(ie, higher values indicate greater motor impairment), a
multiple linear regression was used to evaluate the rela-
tionship between dependent and independent variables.
More in detail, univariate linear regression analysis was
first applied to identify baseline independent factors
potentially associated with bradykinesia and rigidity at
appendicular and axial levels in the short (ie, 1 year after
STN-DBS surgery) and long term (ie, 10 and 15 years
after STN-DBS surgery).29 Then, baseline variables show-
ing significance at p < 0.20 in the univariate analysis
entered the stepwise selection process for the final building
of the multivariate model reporting the optimal combina-
tion of variables, following standardized procedures.30 The
preoperative covariates considered as independent variables
for regression modeling included age at disease onset,
disease duration at surgery, age at surgery, phenotype
(ie, akinetic/rigid, tremor-dominant, and mixed types),
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UPDRS part III in the OFF and ON medication conditions,
H&Y in the OFF and ON medication conditions, compos-
ites scores of appendicular and axial bradykinesia and rigidity
in the OFF and ON medication conditions, axial score in
the OFF and ON medication conditions, L-dopa respon-
siveness of appendicular and axial bradykinesia and rigidity,
MDRS, frontal score, and LEDDs. Independent preopera-
tive variables with strict reciprocal correlations (ie, >0.7)
were excluded from the model to prevent multicollinearity
and lack of independence (Supplementary Materials S2).
Missing data were handled by using a pairwise deletion
method. The coefficient estimates for each independent vari-
able were reported as standardized P coefficient followed by
95% confidence interval of P coefficient and p values.

Statistical analysis was performed using the SPSS
package (IBM, Armonk, NY). For all statistical tests, the
significant level was set at 0.05 (2-tailed).

Results

Of 417 people with PD who underwent bilateral
STN-DBS between 1993 and 2010 and were assessed for
eligibility, 116 were excluded due to being lost to follow-up,
incomplete medical records, or unmet inclusion criteria. The
study ultimately included data from 301 patients at 1-year
follow-up after surgery, and 101 patients at 10-year and
56 patients at 15-year follow-ups.

The main demographic and clinical characteristics of
PD patients at baseline and follow-up visits after STN-
DBS surgery are presented in Table 1.

Short- and Long-Term Progression of
Bradykinesia and Rigidity

Appendicular ~ Measures. Appendicular  bradykinesia
exhibited significant changes between baseline, and 1, 10,
and 15 years after surgery, at both the more and less
affected sides. Notably, both the more and less affected
sides displayed comparable levels of appendicular
bradykinesia at baseline and at 1-year follow-up, but pro-
gressive deterioration at 10- and 15-year follow-ups
(Table 2, Fig 1A).

Concerning appendicular rigidity, composite scores
were significantly different at baseline and 1, 10, and
15 years after surgery, at both the more and less affected
sides. At both the more and less affected sides, appendicu-
lar rigidity improved at 1 year after surgery but subse-
quently reverted to preoperative severity levels at 10- and
15-year follow-ups (see Table 2, Fig 1B).

Given comparable changes over time in bradykinesia
and rigidity at both sides, only the more affected side was
considered for subsequent analyses, including the longitu-
dinal differences in symptom severity, the variations based

on body topography, and the identification of predictive
factors (ie, univariate and multivariate regression analyses).

The extent of longitudinal changes in appendicular
bradykinesia and rigidity differed significanty at 1, 10,
and 15 years after surgery. Appendicular bradykinesia
showed a greater percentage of variation than appendicular
rigidity at 1, 10, and 15 years after surgery (Table 3,
Fig 1C,D).

Axial ~ Measures. Significant  differences in  axial
bradykinesia were observed at baseline and 1-, 10-, and
15-year follow-ups after surgery. More in detail, composite
scores of axial bradykinesia progressively increased from
the first year after surgery up to the 15-year follow-up
(see Table 2, Fig 2A).

Axial rigidity also significantly changed over time,
showing a short-term improvement 1 year after surgery,
followed by a long-term deterioration at 10- and 15-year
follow-ups (see Table 2, Fig 2B).

Finally, the extent of longitudinal changes in axial
bradykinesia and rigidity was significantly different at
1, 10, and 15 years after surgery. Notably, axial
bradykinesia exhibited a higher percentage variation than
axial rigidity at 1 and 15 years after surgery (see Table 3,
Fig 2C).

Appendicular versus Axial Measures. Appendicular and
axial bradykinesia showed a different extent of longitudi-
nal changes at 1, 10, and 15 years after surgery. Appendic-
ular bradykinesia improved at 1 year after surgery, and
worsened at 10- and 15-year follow-ups to a greater extent
compared to axial bradykinesia (see Table 3, Fig 3A).

Axial rigidity exhibited a less pronounced improve-
ment at 1 year and a more significant worsening at
10 years following surgery when compared to appendicu-
lar rigidity. No statistical differences were found when
comparing axial and appendicular rigidity at the 15-year
follow-up (see Table 3, Fig 3B).

Predictive Factors of Bradykinesia and Rigidity
Appendicular Measures. The preoperative independent
variables selected through the univariate analysis for subse-
quent stepwise selection processes in regression modeling
of appendicular bradykinesia and rigidity are reported in
Supplementary Materials S2.

The multivariate linear regression models showed
that the UPDRS-III scores in the ON medication condi-
tion and the frontal scores were independent preoperative
predictors of appendicular bradykinesia 1 year after sur-
gery. The frontal scores also predicted appendicular
bradykinesia at 10 and 15 years after surgery, along with
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Characteristic

Female sex

Age, yr

Age at disease onset, yr

Disease duration, yr

Clinical phenotype

Hoehn and Yahr

UPDRS-IIIP

Axial score

Stimulation parameters

LEDD

Baseline,
n = 301°

119 (39.5%)
55.65 + 8.41
43.98 £+ 8.18
11.77 £ 4.27
109 AR (36.21%)
41 T (13.62%)
151 mixed (50.17%)
OFF 3.35 £ 0.99
ON 1.86 £ 0.76
OFF 45.29 £ 15.42
ON 13.78 £ 7.98
OFF 6.83 £ 3.94
ON 1.95 £ 1.80
NA

1,347.02 £ 506.68

1-year follow-up,
n = 301*

119 (39.5%)
56.69 £ 8.41
43.98 £+ 8.18
12.76 £ 4.33
109 AR (36.21%)
41T (13.62%)
151 mixed (50.17%)
ON med/ON stim
1.97 £0.71
ON med/ON stim
12.77 £+ 9.46
ON med/ON stim
1.99 +2.14

L: 2.84 V (£0.60);
130 Hz (60-185);
60 ps (60-90)

R: 2.85 V (£0.57);
130 Hz (60-185);
60 ps (60-90)

390.68 £ 400

T = tremor-dominant type; UPDRS-III = Unified Parkinson’s Disease Rating Scale part III.
*All participants enrolled at baseline were also included in the 1-year follow-up.

10-year follow-up,
n =101

40 (39.6%)
62.84 + 8.39
40.7 £7.69
22.90 + 4.37
37 AR (36.63%)
10 T (9.90%)
54 mixed (53.47%)
ON med/ON stim
2.96 £ 0.91
ON med/ON stim
29.63 + 15.25
ON med/ON stim
6.11 + 4.24

L: 2.96 V (+0.53);
130 Hz (60-185);
60 ps (60-90)

R: 2.91 V (£0.68);
130 Hz (60-185);
60 ps (60-90)

660.04 & 377.51

TABLE 1. Demographic and Clinical Characteristics of Parkinson Disease Patients at Baseline and Follow-up
Visits after Bilateral Deep Brain Stimulation of the Subthalamic Nucleus

15-year follow-up,
n =56

20 (35.7%)
65.03 + 8.26
39.77 £7.18
26.50 + 3.79
18 AR (32.1%)
6T (10.7%)

32 mixed (57.1%)
ON med/ON stim
2.99 £0.90
ON med/ON stim
35.93 £ 17.35
ON med/ON stim
7.39 £ 4.73

L: 296 V (£0.61);
130 Hz (60-185);
60 ps (60-90)

R: 2.97 V (£0.60);
130 Hz (60-185);
60 ps (60-90)

650.61 £+ 315.14

AR = akinetic-rigid type; L = left; LEDD = L-dopa equivalent daily dose; med = medication; NA = not applicable; R = right; stim = stimulation;

converted to UPDRS-III scores.

"To ensure comparability and for descriptive purposes only, available Movement Disorder Society-sponsored revision of the UPDRS-III scores were

the preoperative severity of bradykinesia in the ON medi-
cation condition (Table 4).

Preoperative appendicular rigidity in the ON medi-
cation and axial scores in the OFF medication conditions
predicted appendicular rigidity at 1 year after surgery.
Appendicular rigidity was also associated with preoperative
scores of appendicular rigidity in the ON medication
condition and the MDRS at 10 years, and with the
UPDRS-III scores in the ON medication condition at
15 years after surgery (see Table 4).

Axial Measures. The preoperative independent variables
selected  through  the

univariate  analysis  for

subsequent stepwise selection processes in regression

modeling of axial bradykinesia and rigidity are reported in
Supplementary Materials S2.

The multivariate linear regression models showed
that the preoperative severity of axial bradykinesia in the
ON and OFF medication condition, the frontal scores,
and the H&Y scores in the ON medication condition
predicted axial bradykinesia 1 year after surgery. Axial
scores in the OFF medication condition and frontal scores
were associated with axial bradykinesia at 10- and 15-year
follow-ups, respectively (see Table 4).

The preoperative predictors of axial rigidity included
the severity of axial rigidity and the UPDRS-III scores in
the ON medication condition at 1 year after surgery, the
severity of axial rigidity in the OFF medication condition
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Time point

PRE 1-Y 10-Y 15-Y

affected

affected

affected

affected

Bold font indicates statistical significance.

TABLE 2. Short- and Long-Term Progression of Bradykinesia and Rigidity in Parkinson Disease

Bradykinesia More ~ 1.43 4+ 0.61 1.30  0.67 3.18 +0.95 3.59 + 0.92
Less 0.82 +£0.49 0.90 = 0.58 2.79 + 0.94 3.22 + 0.90
Axial  1.01 £0.33 1.16 + 0.41 1.85 4+ 0.48 2.28 + 0.39
Rigidity More  1.45 %+ 0.67 0.82 4 0.54 1.42 £ 0.85 1.63 £0.93
Less 1.06 + 0.58 0.58 + 0.47 1.01 £0.75 1.15 £ 0.87

Axial 090 £0.46 0.64 £0.40 1.33 £ 0.62 1.37 £ 0.61

10-Y = 10-year postoperative follow-up; 15-Y = 15-year postoperative follow-up; 1-Y = 1-year postoperative follow-up; PRE = preoperative period.

Skilling— Wilcoxon Signed-Rank Test (Z; p)

Mack

Test PREvs PREvs PREvs 1-Yvs 1-Yvs 10-Yvs
Qsp) 1Y 10-Y 15-Y 10-Y 15-Y 15-Y

132.390; —1.617; —7.258; —6.062; —7.863; —6.214, —2.266;
<0.001 0.106  <0.001 <0.001 <0.001 <0.001 0.023

148.000; —0.776; —7.966; —6.230; —8.076; —6.416; —2.873;
<0.001 0.438 <0.001 <0.001 <0.001 <0.001 0.004

98.325; —2.884; —6.625; —6.250; —6.126; —5.936; —3.788;
<0.001 0.004 <0.001 <0.001 <0.001 <0.001 0.001

29.545; —7.126; —0.899; —1.175; —3.482; —2.736; —0.877;
<0.001 <0.001 0.369 0.240 <0.001 0.006 0.381

28.995; —6.526; —0.141; —1.094; —3.444; —3.179; —0.128;
<0.001 <0.001 0.888 0.274 0.001 0.001 0.898

39.380; —4.291; —2.799; —2.770; —5.292; —4.473; —0.156;
<0.001 <0.001 0.005 0.006 <0.001 <0.001 0.876

and the UPDRS-III scores in the ON medication condi-
tion at 10 years, and the UPDRS-III scores in the ON
medication condition at 15 years (see Table 4).

Discussion

In this retrospective cohort study including a large sample
of PD patients with bilateral STN-DBS, bradykinesia and
rigidity showed a divergent and complex progression over
the long-term follow-up. Moreover, different preoperative
predictive factors for bradykinesia and rigidity outcomes
could be identified. These findings challenge the com-
monly accepted notion that bradykinesia and rigidity fol-
low a similar clinical evolution over time in patients with
PD, suggesting not only nonidentical anatomic substrates
but also distinct pathophysiological mechanisms.

Bradykinesia and Rigidity Differently Progress
after STN-DBS

Appendicular bradykinesia remained unchanged 1 year
after surgery, whereas it significantly worsened at 10- and
15-year follow-ups. By contrast, appendicular rigidity
drastically improved 1 year after STN-DBS, and then ret-
urned to preoperative levels only 10 and 15 years after-
ward. Nonetheless, axial bradykinesia and rigidity
manifested a similar pattern of progression following
STN-DBS, except for an early deterioration of axial
bradykinesia (at 1-year postsurgery). Overall, these find-
ings suggest that STN-DBS in PD may not provide

supplementary benefits for improving bradykinesia com-
pared to L-Dopa alone. By contrast, STN-DBS may offer
additional and sustained relief for rigidity over time.

The divergent progression of bradykinesia and rigid-
ity, in the short and long term after STN-DBS, fits in well
with previous studies using whole-body measures of both
motor signs in PD.>'™? Several pathophysiological inter-
pretations could explain our observations. The sensorimo-
tor region of the STN (usually targeted by DBS) may
include independent "sweet spots" for bradykinesia and
rigidity, as suggested by recent symptom-stimulation map-
ping studies.>* % In theory, because the intraoperative
assessment of rigidity is a relevant maneuver in guiding
the optimal placement of the macroelectrode (when
patients are operated on under local anesthesia), a prefer-
ential targeting for rigidity sweet spots could be responsi-
ble for our findings. However, the intrinsic variability in
DBS electrode placement in the STN and the high num-
ber of subjects enrolled in this study make the hypothesis
of a preferential targeting for rigidity sweet spot rather
weak. Furthermore, the consistent overlap in the progres-
sion of bradykinesia and rigidity when comparing the
more and less affected body sides also strongly argues
against this hypothesis. As a second scenario, bradykinesia
and rigidity in PD would show different response thresh-
olds to STN-DBS parameters (ie, frequency and pulse
width). Early seminal studies have reported that
bradykinesia requires higher frequencies (ie, from 50 Hz)
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FIGURE 1: Appendicular bradykinesia and rigidity in the cohort of Parkinson disease patients with bilateral deep brain
stimulation (DBS) of the subthalamic nucleus. Longitudinal changes of appendicular bradykinesia (A) and rigidity (B) are displayed
for the more and less affected sides through histograms. The comparison of percentage variations of appendicular bradykinesia
and rigidity is also shown for the more (C) and less affected side (D) at each time point. Asterisks indicate the main differences
(*p < 0.05, **p < 0.001).

TABLE 3. Longitudinal Changes of Bradykinesia and Rigidity in Parkinson Disease

Bradykinesia, Rigidity,
Bradykinesia vs Bradykinesia vs Appendicular® Appendicular®
Rigidity, Appendicular® Rigidity, Axial vs Axial vs Axial
Kruskal-Wallis (X25;p) 200.6; <0.001 57.7; <0.001 221.3; <0.001 58.1; <0.001
Mann—Whitney (U; p)b 1Y 37,088.5; <0.001 35,125.5; <0.001 39,849.0; 0.009 40,702.0; 0.025
10-Y 2,412.0; <0.001 3,856.0; 0.002 4,012.5; 0.008 4,049.5; 0.009
15-Y 754.5; <0.001 940.5; <0.001 1,226.0; 0.042 1,318.5; 0.132

Bold font indicates statistical significance.
10-Y = 10-year postoperative follow-up; 15-Y = 15-year postoperative follow-up; 1-Y = 1-year postoperative follow-up.
*More affected side.

"Bradykinesia and rigidity comparison was performed exclusively at the same time point.

and a narrower pulse width (ie, 60 ps) than rigidity. of patients received ranges of STN-DBS parameters rea-
By contrast, rigidity ameliorates starting at 33 Hz and sonably effective for both motor signs (ie, stimulation
responds to a wider range of pulse widths (ie, between frequency = 60 Hz and pulse width = 60 ps). Biophysical
60 and 210 ps).”” In the present study, the vast majority models have demonstrated that electric stimulation can
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FIGURE 2: Axial bradykinesia and rigidity in in the cohort of Parkinson disease patients with bilateral deep brain stimulation
(DBS) of the subthalamic nucleus. Longitudinal changes of axial bradykinesia (A) and rigidity (B) are displayed through
histograms. The comparison of percentage variations of axial bradykinesia and rigidity is also shown (C) at each time point.

Asterisks indicate the main differences (*p < 0.05, *#*p < 0.001).

BRADYKINESIA

>

250 —0— Axial
=~ Appendicular

223

100

91

50

Percentage variation (%)
Y
(==}

0 T
Pre-DBS

1 YEAR 10 YEARS 15 YEARS

B 200

RIGIDITY

—0@— Axial 149 153
150 —{1— Appendicular

100 :
100 : 113

50

56

Percentage variation (%)

0 T
Pre-DBS

1 YEAR 10 YEARS 15 YEARS

FIGURE 3: Body topography of bradykinesia and rigidity in the cohort of Parkinson disease patients with bilateral deep brain
stimulation (DBS) of the subthalamic nucleus. The comparison of percentage variations of bradykinesia (A) and rigidity
(B) according to body topography (ie, appendicular vs axial) is displayed at each time point. Asterisks indicate the main

differences (*p < 0.05).

induce varying activation patterns based on axon features
(ie, diameter and orientation)***? and structural connec-
tivity of the STN.?**® Hence, a third hypothesis implies
that STN-DBS differently activates neural networks con-
tributing to bradykinesia and rigidity in PD according to
separate neuronal pathways. This hypothesis fully agrees
with recent neuroimaging findings demonstrating distinct
STN for
bradykinesia and rigidity.”> The hypothesis of distinct

structural  connectivity profiles of the
neuronal pathways for bradykinesia and rigidity is also
supported by other studies in PD as well as in parkinso-
nian nonhuman primates showing divergent motor out-
comes following DBS of the globus pallidus pars interna
(GPi).* The stimulation of the most ventral part of GPi
significantly ameliorates rigidity although it exerts an
antikinetic effect. Conversely, stimulation of the dorsal
GPi or the globus pallidus pars externa reduces akinesia
but yields far less pronounced effects on rigidity.**
Bradykinesia in PD is currenty thought to reflect a
corticosubcortical network disorder implying abnormal
functional connections among the fronto-basal-ganglia—
thalamocortical motor loop and the cerebellum.”'%*> By
contrast, parkinsonian rigidity likely arises from abnormal
inputs from GPi and substantia nigra pars reticulata to the

pontobulbar reticular formation, leading to hyperactive
descending projections (dorsal and medial reticulospinal
tracts) directed to propriospinal as well as spinal Ia and
Ib interneurons.''™"? This in turn results in hyper-
excitability of gamma and alpha motoneurons responsible
for increased muscle tone.'' ™" Accordingly, a more rea-
sonable interpretation of our findings would point to the
preferential interaction of STN-DBS with neural networks
responsible for rigidity compared with those contributing
to bradykinesia. Degenerative changes impacting these
neural networks may progress independently or at varying
rates, potentially exacerbating the dissociation between
bradykinesia and rigidity in PD as the disease advances.
Although rather speculative, we suggest that the preferen-
tial effect of STN-DBS on parkinsonian rigidity reflects
the prominent activation of basal ganglia projections to
brainstem nuclei such as the pedunculopontine nucleus
and the pontobulbar reticular formation. This preferential
interaction could result in sustained relief for rigidity.
Conversely, bradykinesia may deteriorate over time as
neural circuits unaffected by STN-DBS become increas-
ingly involved, thereby constraining the efficacy of param-
eter adjustments for addressing this sign in the long-term
period.
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0.072, p < 0.001

Frontal score

0.072, p < 0.001

Frontal score

H&Y ON
0.305, p = 0.007

Axial score OFF ns

Rigidity Appendicular” Rigidity

0.038, p < 0.001
Rigidity ns
score OFF

Bold font indicates statistical significance.

part ITI.
*More affected side.

TABLE 4. Predictive Factors of Bradykinesia and Rigidity in Parkinson Disease

Selected
variables I-Y 10-Y 15-Y
Bradykinesia Appendicular® UPDRS-III ON f = 0.301, CI 0.029 to ns ns

B=-0301,Cl0.029t0 P =—0.359, Cl —0.138 to f = —0.375, CI —0.146 to

Bradykinesia ns f =0.314, CI10.157 to f = 0.303, CI 0.078 to

score ON 0.816,p = 0.004 0.828, p = 0.019
Axial Bradykinesia p=0.191, CI1 0.074 to ns ns

score ON 0.403, p = 0.005

Bradykinesia p = 0.193, CI 0.071 to ns ns

score OFF 0.363, p = 0.004

f = —0.204, CI —0.034 to ns
—0.009, p = 0.001

f = 0.165, CI 0.050 to ns ns

B =0.289, CI 0.137 to

score ON 0.333, p < 0.001 0.686, p = 0.004

Rigidity f = 0.135, CI 0.004 to ns ns

score OFF 0.070, p = 0.028

MDRS ns B = —0.306, CI —0.176 to ns

—0.030, p = 0.006
UPDRS-IIT ON ns ns f =0.277, CI 0.004 to
0.126, p = 0.039

Axial Rigidity f=0.257, CI 0.111 to ns ns

score ON 0.336, p < 0.001

UPDRS-III ON B = 0.251, CI 0.012 to

10-Y = 10-year postoperative follow-up; 15-Y = 15-year postoperative follow-up; 1-Y = 1-year postoperative follow-up; CI = 95% confidence inter-
val; H&Y = Hoehn and Yahr; MDRS = Mattis Dementia Rating Scale; ns = not significant; UPDRS-III = Unified Parkinson’s Disease Rating Scale

—0.035, p = 0.001 —0.029, p = 0.004

B = —0.290, CI —0.055 to
—0.002, p = 0.035

p=0223,CI0.026t0 ns
0.400, p = 0.026

B = 0.324, CI 0.136 to ns

f =0.239, CI1 0.001 to
0.073, p = 0.045

B =0.372, C10.017 to
0.096, p = 0.006

B = 0.242, CI1 0.009 to ns
0.521, p = 0.043

Further supporting this pathophysiological interpre-
tation, our study discloses the opposite trend of
bradykinesia and rigidity following STN-DBS according
to body topography. When directly comparing the pro-
gression of motor signs in appendicular and axial regions,
bradykinesia deteriorated prominently at the appendicular

level compared with axial regions, and vice versa for rigid-
ity. The opposite progression of bradykinesia and rigidity
in PD, according to body topography, may be explained
by the distinct neural control and primary actions of axial
and appendicular regions. Notably, the phylogeneti-
cally old medial system, involving descending brainstem
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pathways, is responsible for the resting sustained regula-
tion of muscle tone underlying postural maintenance in
axial muscles.*® Conversely, the phylogenetically more
recent lateral system allows the fine motor control of
hands and ﬁngers.46 Accordingly, the observation of
prominent rigidity in axial regions and prevalent
bradykinesia in appendicular regions further corroborates
the hypothesis that rigidity would originate from changes
in the brainstem pathways, while bradykinesia is linked to
a corticosubcortical dysfunction.

Predictive Factors of Bradykinesia and Rigidity

Bradykinesia and rigidity showed similar short- and long-
term predictive factors in our STN-DBS cohort of PD
patients at the appendicular and axial levels. Predictive fac-
tors included the preoperative severity of motor impair-
ment, as measured by the UPDRS-III, the composite
scores of bradykinesia and rigidity, the H&Y, and the
axial scores, especially in the ON medication condition.
The reported findings are fully in line with previous stud-
ies demonstrating baseline motor disability as a crucial
prognostic factor affecting the outcome of STN-DBS in
PD.??>*” Burthermore, the greater impact of motor impair-
ment at baseline, especially in the ON medication condi-
tion, confirms and further expands previous observations
on the prognostic value of preoperative response of
motor symptoms to L-dopa in the short- and long-term
follow-up.*® Besides the preoperative severity of motor
impairment, the analysis of predictive factors demon-
strated that the baseline severity of frontal dysfunction
(ie, the frontal score) was consistently associated with
bradykinesia but not with rigidity. This observation agrees
with the well-known impact of frontal functions on
STN-DBS outcomes in PD.*>*° PD patients with cogni-
tive dysfunction, especially those with executive deficits,
exhibit poorer motor function and experience a more
rapid motor deterioration.*”*® Moreover, cortical atrophy
in the frontal lobe is associated with unfavorable motor
outcomes following STN-DBS.”" The frontostriatal net-
work is actively engaged in various cognitive processes,
such as attention and decision-making, which are crucial
for motor planning and the proper execution of sequential
movements.”” Accordingly, a frontal impairment may sig-
nificantly contribute to the progressive deterioration and
decremental response of bradykinesia to STN-DBS but
not rigidity, by impairing motor planning and, conse-
quently, the ability to voluntarily initiate and execute
repetitive movements in PD. In summary, baseline motor
impairment and frontal dysfunction emerge as primary
clinical factors for predicting both short- and long-term
outcomes of bradykinesia and rigidity in PD patients
undergoing STN-DBS. The subgroup of patients with a
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more favorable prognosis in terms of rigidity and
bradykinesia, therefore, consists of those with milder motor
signs and more preserved executive abilities before surgery.
When considering the present findings, it is impor-
tant to acknowledge some limitations. First, like previous

longitudinal analyses,*">

our study lacks a control group
of subjects under the best medical treatment and without
STN-DBS, thus precluding clarification of the isolated
effects of STN-DBS on bradykinesia and rigidity. Second,
we only considered the optimized treatment conditions
(ie, the ON medication condition before surgery and the
ON medication/ON stimulation condition after surgery)
in our cohort of patients, thus preventing the possibility
of clearly separating the effects of pharmacological and
surgical treatments as well as disease progression per
se. Yet, it would have been highly challenging to expose
our patients with advanced PD to the pootly tolerated
condition of OFF medication and/or OFF stimulation
(considering also the lack of consensus about the duration
of OFF time needed before evaluation, and the risk of
severe STN-DBS withdrawal syndrome®®). Nevertheless,
we are confident that the prominent postoperative LEDD
reduction and the known dopamine receptor desensitiza-
tion following continuous STN stimulation limited the
impact of this possible confounding, thus enhancing
the reliability of our results. Lastly, a “floor effect” may
have statistically biased the identification of accurate pre-
dictors for rigidity, resulting in reduced variability. This
may have limited the ability to uncover significant rela-
tionships between variables and potentially led to under-
or overestimated associations (eg, the MDRS). Neverthe-
less, the inclusion of a relevant number of subjects
enrolled from the same clinical center increased the gener-
alizability of the observations and reduced possible meth-
odological heterogeneity in clinical and experimental
procedures. The long-term longitudinal assessment also
allowed a clear investigation of time-related changes
in bradykinesia and rigidity, thus controlling for inter-
subject variability. Lastly, the independent examination
of bradykinesia and rigidity in appendicular and axial
regions prevented possible confounding related to the
different rates of symptom progression according to body

topography.

Conclusions

Bradykinesia and rigidity in PD have long been regarded
as closely linked motor signs that share similar neural sub-
strates, clinical evolution, and responses to treatments.
This study demonstrates divergent clinical trajectories and
distinct predictive factors of bradykinesia and rigidity in
PD, suggesting partially different underlying mechanisms.
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The observation of diverse clinical progression and predic-
tors prompts a reevaluation of the involved neural net-
works, potentially leading to personalized treatment
strategies tailored to specific motor signs. This hypothesis
requires further longitudinal investigations also comparing
implanted and nonimplanted PD patients tested in various
pharmacological conditions. Future studies should also
consider postoperative factors associated with therapeutic
outcomes, including changes in the total electrical energy
delivered as well as current steering. Coupling model pre-
dictions of the volume of tissue activated in the brain to
symptom outcomes could help further clarify the specific
pathophysiology underlying rigidity and bradykinesia in
PD. Moreover, the potential impact of disease progression
on brain structure and DBS efficacy should not be over-
looked. If atrophy increases over time, coupled with
increased stimulation parameters, it may lead to a broader
spread of current to surrounding areas, thus affecting dif-
ferent neural pathways and potentially contributing to
differential effects on symptoms. Hence, exploring the
interplay between disease progression, structural changes,
and stimulation parameters is a crucial perspective for a
comprehensive understanding of the observed outcomes.
Lastly, the potential implication of specific genetic profiles
for bradykinesia and rigidity outcomes should be evaluated
by considering large cohorts of patients carrying known
genetic mutations. This approach could provide valuable
insights into the differential responses to STN-DBS and
inform personalized treatment strategies by tailored
interventions.
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