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Rigidity in Parkinson’s Disease: The Objective Effect of Levodopa
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ABSTRACT: Background: Quantitative evidence of
levodopa-induced beneficial effects on parkinsonian rigid-
ity in Parkinson’s disease (PD) is lacking. Recent research
has demonstrated the velocity-dependent nature of objec-
tive rigidity in PD and revealed its neural underpinning.
Objective: The present study aimed to examine the
effect of levodopa on objective rigidity in PD.
Methods: Eighteen patients with PD underwent clinical and
instrumental evaluations of muscle tone in the OFF and ON
states. The clinical assessments focused on rigidity in the
most affected upper limb. The biomechanical components
of objective rigidity were assessed using robot-assisted wrist
extensions at seven angular velocities (5–280�/s). Surface
electromyography of the flexor carpi radialis muscle enabled
the concurrent evaluation of short- and long-latency stretch
reflexes (SLR and LLR).
Results: Levodopa improved the clinical scores of rigid-
ity. Biomechanical measurements showed that levodopa
reduced the total and neural components of force but
had no effect on viscoelastic components. Levodopa
reduced the velocity dependence of the LLRs but did not

affect the SLRs. Finally, we found significant clinical–
instrumental correlations between levodopa-induced
changes and biomechanical and neurophysiological
measures of objective rigidity in PD.
Conclusions: Levodopa improved objective rigidity in
PD by decreasing its biomechanical neural component
as well as the size of LLRs. The beneficial effect of
levodopa on biomechanical and neurophysiological
features of objective rigidity was related to the specific
angular velocity of wrist extensions; that is, the higher
the angular velocity, the greater the beneficial impact
of levodopa on objective rigidity. These findings
allowed the description of a new pathophysiological
model of rigidity in PD. © 2025 The Author(s). Move-
ment Disorders published by Wiley Periodicals LLC on
behalf of International Parkinson and Movement Disor-
der Society.
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Since its clinical introduction in the 1960s, levodopa
(L-dopa) has been considered a “miracle drug” for
Parkinson’s disease (PD).1,2 L-Dopa is still the most effec-
tive treatment for improving cardinal motor signs in PD,
including bradykinesia, rigidity, and tremor.3 Despite con-
sistent instrumental evidence of L-dopa-induced beneficial
effects on bradykinesia and tremor in PD,4 the objective
impact of dopaminergic replacement therapy on

parkinsonian rigidity has not yet been demonstrated. This
is due to the current limitations in the objective measure-
ment of rigidity, which is primarily assessed using the
semiquantitative scale Movement Disorder Society Unified
Parkinson’s Disease Rating Scale, Part III (MDS-UPDRS-
III).5,6 Therefore, the instrumental assessment of the objec-
tive effect of L-dopa on parkinsonian rigidity would
require new methodological approaches.
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Recently, using a robotic device able to deliver
velocity-controlled wrist extensions combined with neu-
rophysiological recordings of stretch-induced muscular
responses, we obtained a detailed biomechanical and
neurophysiologic measurement of objective rigidity in
PD.7 The biomechanical measures allowed us to evaluate
objective rigidity in PD, estimate its neuronal source, and
finally demonstrate that, during robot-assisted wrist
extensions, objective rigidity progressively increases along
with the increase in angular velocities.7 Still, the combined
neurophysiological investigation allowed us to disclose
abnormally enhanced long-latency stretch reflexes (LLR),
which also progressively increased according to the angu-
lar velocities of robot-assisted wrist extensions.7 The
study, however, included only patients under L-dopa, thus
leaving the specific effect of L-dopa on objective rigidity in
PD unclear.7

Thus far, only a few biomechanical studies have investi-
gated the contribution of the abnormally enhanced neural
component (NC) to parkinsonian rigidity8,9 without
determining the effect of L-dopa on neurophysiological
measures.8,10-12 Moreover, the previous neurophysiologic
investigations that demonstrated the significant reduction
in LLRs after dopaminergic stimulation13-16 did not
examine the biomechanics of rigidity in PD. Therefore,
only a combined approach examining the biomechanical
and neurophysiological effects of L-dopa on objective
rigidity would determine the pathophysiological link
between abnormal LLRs and the biomechanical underpin-
ning of objective rigidity in PD.
Here, we delivered robot-assisted wrist extensions at

various angular velocities in patients OFF and ON ther-
apy to estimate the biomechanical components responsi-
ble for objective rigidity, including neural and intrinsic
muscular viscoelastic components. We synchronously
recorded short- and long-latency stretch-induced muscu-
lar responses (ie, SLRs and LLRs) from wrist flexors to
examine the specific link between biomechanical and
neurophysiological measures of objective rigidity col-
lected in patients OFF and ON therapy, according to
previously reported procedures.7

Patients and Methods
Participants

We recruited 18 patients with PD (9 women, mean age
66.7 � 8.2) at the Department of Human Neurosciences,
Sapienza University of Rome, and at the IRCCS Neuro-
med Institute, Italy. The diagnosis of PD was performed
according to the International Parkinson and Movement
Disorder Society diagnostic criteria.17 Patients with the
tremor-dominant phenotype or mixed phenotype were
excluded.18 All participants were right handed according
to the Edinburgh Handedness Scale.19 Participants
with pain or experiencing orthopedic/rheumatological

limitations in the upper limbs were also excluded. The
motor signs were assessed using the Hoehn & Yahr
(H&Y) scale20 and the UPDRS-III.5 Clinically, we selected
the most affected upper limb by scoring the wrist rigid-
ity based on the specific subitem (ie, 3.3) of the
UPDRS-III scale (UPDRS-III-r).5 Cognitive functions
were examined using the Montreal Cognitive Assess-
ment21 and the Frontal Assessment Battery22; mood
was assessed using the Hamilton Depression Rating
Scale.23 None of the patients took any drug acting on
the central nervous system except for dopamine
replacement therapy. All patients were evaluated in the
OFF (ie, at least 12 hours after the last intake of the
usual dose of L-dopa and/or other antiparkinsonian
drugs, including dopamine agonists)24 and ON (ie, at
least 1–2 hours after the last intake of treatment)
states.25 Demographic and anthropometric parameters
(ie, weight, height, body mass index, hand size, meta-
carpal length, disease duration, and H&Y scale) are
presented in Table 1 as well as clinical scales in the
OFF/ON states. The study was approved by the Institu-
tional Review Board (NCT05070780), and all partici-
pants provided written informed consent.

Experimental Paradigm
Participants sat close to the robotic device (NeuroFlexor,

AggeroMedTechAB,Älta, Sweden), keeping the hand fully
relaxed on the platform of the device, with their shoulder in
45� abduction, the elbow in 90� flexion, and the forearm in
pronation.7,26 Patients underwent two separate experi-
ments (OFF/ON state) randomly delivered and separated
by at least 1 week to exclude carryover effects. The robot-
assisted device elicited passive wrist extensions able to
induce controlled stretch of the wrist flexors. Passive move-
ments were delivered with a specific range of motion of 50�

(ie, ranging from�20� to+30�)27 and with seven differ-
ent angular velocities randomly applied (ie, 5, 50,
100, 150, 200, 236, and 280�/s). In each experiment,
the paradigm consisted of 6 independent sessions,
including 5 trials at slow angular velocity (5�/s) and
10 trials at one of the 6 remaining angular velocities ran-
domly delivered (ie, intertrial interval: 10 seconds,
intersession interval: 5 minutes). Therefore, the whole
experiment consisted of 90 wrist extensions in total (ie,
30 slow angular velocity trials + 60 fast angular veloc-
ity trials). In agreement with standardized procedures,
the slow angular velocity of 5�/s was included as a refer-
ence for the system,28 whereas the fast angular velocities
(50–280�/s) were selected for activating muscle spin-
dles.10,15,26 The angular velocities selected in the current
study are fully compatible with those commonly used in
a standardized clinical scenario (ie, �200�/s).14 Finally,
the calibration of the robot-assisted device required five
additional trials for each value of angular velocity,
implying robotic movements given alone.26
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Biomechanical Measures
The total resisting force elicited by passive wrist

extensions consists of the summation of passive elastic-
ity, viscosity, and inertial forces, and by active muscle
force. A dedicated algorithm was able to acquire and
analyze the biomechanical measures of muscle tone by
identifying four specific points of force: P0-3. The algo-
rithm interpolates the four points of force and estimates
the passive (inertia, resting tension, elasticity, and vis-
cosity) and active (neural) biomechanical components
of muscle tone. The inertial component (IC) is the main
resistance to the hand and platform acceleration. The
elastic component (EC) is estimated using the P3
recorded 1 second after the end of the slow robotic
movement. The viscous component (VC) consists of an
early component that is estimated at P1 (ie, estimated
at �15 ms after the robot-assisted wrist extension) by
subtracting IC from the total resisting force and a late
component that is approximated as 20% of the early
viscosity.29 The NC is estimated by subtracting the EC
and VC components from the total resisting force, at
the point of force P2, which corresponds to the maxi-
mal extension at the end of the fast robotic movement,
after correcting for point of force P0, at the beginning
of the fast robotic movement.26,30 Finally, the algo-
rithm calculates the total force (TF) by adding the five
estimated biomechanical components of muscle tone
(inertial, resting tension, EC, VC, and NC) (Supporting
Information S1).

Neurophysiologic Measures
Electromyogram (EMG) was recorded from the flexor

carpi radialis (FCR) muscle through surface elec-
trodes.31 The raw EMG signal was sampled at 5 kHz
using a CED 1401 A/D interface (Cambridge Electronic
Design, Cambridge, UK), and amplified and filtered
(20 Hz–2 kHz) using a Digitimer D360 (Digitimer Ltd.,
Welwyn Garden City, UK). The data were visually
inspected online and stored on a workstation for offline
analysis (Signal Software, Cambridge Electronic
Design). We analyzed EMG in a time window starting
at 100 ms before the robot-assisted wrist extensions
until 100 ms after the end of the displacement. To
exclude the possible influence of background muscle
activity occurring in the 100 ms preceding robot-
assisted wrist extensions, we excluded trials showing
EMG activity >50 μV from further analysis. Then, we
rectified all EMG signals and averaged 10 trials col-
lected for each trial. The SLRs and LLRs were calcu-
lated according to standardized procedures.7,32,33 SLRs
consisted of the first EMG burst (corresponding to
M1), whereas LLRs included the second/third EMG
bursts after muscle stretch (corresponding to M2/M3,
respectively), and then cursor position was visually
optimized to restrict the analysis to EMG bursts of atT
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least 50 μV.7,15,34,35 Also, we verified possible addi-
tional stretch-induced EMG activity by measuring the
area under the curve (AUC) of EMG activity recorded
from the onset of SLR to the end of the robotic dis-
placement. The simultaneous recordings of EMG and
biomechanical measures during the robot-assisted wrist
extensions were obtained using a dedicated script ad
hoc designed to receive input signals from a triaxial
accelerometer (E.M.S. s.r.l., Bologna, Italy) placed at
the level of the III metacarpus.

Statistical Analysis
Due to the exploratory nature of the study, which is

based on an innovative experimental design and
implies combined clinical, biomechanical, and neuro-
physiological recordings, we did not determine the
sample size of the participants a priori. Therefore, we
used a standard frequentist method based on sequen-
tial analysis and recruited a sufficient number of par-
ticipants accordingly. The normality of all variables
was assessed using the Kolmogorov–Smirnov test. Stu-
dent’s paired t test was used to compare clinical scales
(UPDRS-III and UPDRS-III-r scores) and instrumental
measures (EMG amplitudes and AUC, before and after
robot-assisted wrist displacement) in the OFF and ON
states. Separate repeated-measures analysis of variance
(ANOVA) was used to compare the possible variations
in all biomechanical (ie, EC, VC, NC, and TF) or neu-
rophysiological measures (ie, latency, duration, ampli-
tude (AMP), and AUC of the SLRs and LLRs) as a
function of angular velocities (factor “velocity” with
six levels: 50–100–150–200–236–280�/s) and dopami-
nergic stimulation (factor “L-dopa” with two levels:
OFF and ON). All recorded biomechanical and neuro-
physiological data were considered in the ANOVA
analysis, including null data. The Greenhouse–Geisser
corrections were applied in case of violations of sphe-
ricity using Mauchly’s test. Tukey’s honest significance
test was used for post hoc analysis. The Spearman’s
rank test was used to assess correlations between clini-
cal (UPDRS-III-r), biomechanical (TF and NC), and
neurophysiological (LLR and SLR amplitude and
AUC) measures, collected at the angular velocity of
280�/s. Spearman’s rank test was also used to correlate
the L-dopa-induced changes in clinical, biomechanical,
and neurophysiological measures by calculating spe-
cific Δ values (ie, UPDRS-III-r OFF/ON, NC OFF/ON,
and LLRs AMP OFF/ON). Using our standard
frequentist method, the level of significance initially set
at P < 0.05 was corrected, according to Pocock’s proce-
dure for sequential analysis to P = 0.029 (approximated
to 0.03), considering two interim analyses. Values are
presented as mean � standard deviation. Statistical ana-
lyses were performed using STATISTICA version 10.0

(TIBCO Software Inc., Palo Alto, California, United
States).

Results

All patients underwent experimental procedures with-
out experiencing any side effects or discomfort.

Biomechanical Measures
TF differed between patients in the OFF and ON

states, as shown by the significant factors “L-dopa”
(F1,17 = 33.47, P < 0.01), “velocity” (F5,85 = 96.43,
P < 0.01), and “velocity” � “L-dopa” interaction
(F5,85 = 20.65, P < 0.01). Post hoc analysis revealed
a significant factor “velocity” in the OFF (F5,85 = 91.34,
P < 0.01) and ON states (F5,85 = 52.94, P < 0.01),
which increased at angular velocities of 150 to 280�/s
(all P < 0.01) in the OFF state and angular velocities of
200 to 280�/s (all P < 0.01) in the ON state. TF was
comparable in the OFF and ON states at 50 to 150�/s
(P > 0.05), whereas it increased at angular velocities of
200 to 280�/s (P < 0.01), being higher in the OFF than
in the ON state (Fig. 1A; Supporting Information S2).
To further determine the effect of L-dopa, we used
Student’s paired t test to compare the slope of the TF
curve (ie, angular coefficients) in the OFF and ON states.
L-Dopa significantly decreased the slope of the TF curve
as demonstrated by reduced angular coefficients in the
OFF compared with the ON state (OFF: 0.048, ON:
0.026, t = 10.21, P < 0.01).
Regarding EC, ANOVA showed comparable values

in the OFF and ON states, for all angular velocities,
as shown by the nonsignificant factors “L-dopa”
(F1,17 = 1.81, P = 0.20) and “velocity” (F5,85 = 0.87,
P = 0.50) (Fig. 1B; Supporting Information S2). The
nonsignificant factors “velocity” in the OFF
(F5,85 = 1.17, P = 0.33) and ON states (F5,85 = 0.47,
P = 0.80) imply that EC values were not affected by
angular velocities.
VC increased significantly with angular velocities and

did so to a similar extent in the OFF and ON states, as
shown by the significant factor “velocity” (F5,85 = 44.3,
P < 0.01) and the nonsignificant factor “L-dopa”
(F1,17 = 0.94, P = 0.35) as well as “velocity” � “L-dopa”
interaction (F5,85 = 2.29, P = 0.05). Viscosity increased
in the PD OFF state (F5,85 = 31.87, P < 0.01) at 50 and
100�/s (all P < 0.01); similarly, in the ON state VC
increased (F5,85 = 28.12, P < 0.01) at 100 and 150�/s
(all P < 0.01). Viscosity was comparable in the OFF and
ON states at all values of angular velocities (all
P > 0.05) (Fig. 1C; Supporting Information S2).
NC differed between the OFF and ON states, as

shown by the significant factors “L-dopa” (F1,17 = 47.7,
P < 0.01), “velocity” (F5,85 = 125.56, P < 0.01), and
“velocity” � “L-dopa” interaction (F5,85 = 71.57,
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P < 0.01). There was a significant factor “velocity” in the
OFF (F5,85 = 142.18, P < 0.01) and ON states
(F5,85 = 72.33, P < 0.01). NC increased at angular veloc-
ities from 150 to 280�/s in the OFF and ON states (all
P < 0.01). Although NC was comparable in the OFF
and ON states at 50 to 100�/s (P > 0.05), it differed at
angular velocities from 150 to 280�/s (P < 0.01), being
higher in the OFF than ON state (Fig. 1D; Supporting
Information S2). As for TF, when the slope of the NC
curve in the OFF and ON states was compared, we
found reduced angular coefficients in the OFF compared
with ON state (OFF: 0.044, ON: 0.023, t = 13.36,
P < 0.01), demonstrating that L-dopa decreased the slope
of the NC curve.

Neurophysiologic Measures
Background EMG muscle activity before and after

the robot-assisted wrist displacement in all experiments
was not affected by abnormal voluntary and/or invol-
untary bursts (ie, tremor), and it was comparable in
patients OFF and ON, as shown by the paired Student’s

t test. We failed to record neurophysiological responses
in patients during robot-assisted wrist extensions at
angular velocities of 5 and 50�/s. Conversely, angular
velocities ≥100�/s increased the likelihood of recording
two independent bursts of EMG activity from the FCR
at latencies of �30 ms (ie, SLR) and 80 ms (ie, LLR).
In the OFF and ON states, the SLR was not affected

by L-dopa or angular velocity, as indicated by the non-
significant factors “L-dopa” (latency: F1,2 = 0.97,
P = 0.43; duration: F1,2 = 13.45, P = 0.07; amplitude:
F1,2 = 0.09, P = 0.79; AUC: F1,1 = 0.03, P = 0.88)
and “velocity” (latency: F4,8 = 1.65, P = 0.25; dura-
tion: F4,8 = 0.61, P = 0.67; amplitude: F4,8 = 0.13,
P = 0.97; AUC: F4,4 = 0.20, P = 0.93) for all compari-
sons (Supporting Information S3A–D).
Latency and duration of LLRs were comparable in the

OFF and ON states regardless of the value of angular
velocity, as implied by the nonsignificant factors “L-dopa”
(latency: F1,7 = 0.65, P = 0.45; duration: F1,7 = 1.31,
P = 0.29) and “velocity” (latency: F4,28 = 0.69, P = 0.60;
duration: F4,28 = 0.73, P = 0.58) for all comparisons
(Fig. 2A,B; Supporting Information S2). Conversely,

FIG. 1. Biomechanical measures. Biomechanical measures achieved during robot-assisted wrist extensions delivered at different angular velocities, in
patients with PD (Parkinson’s disease) OFF (dashed lines) and ON (continuous lines) states. (A) Total force (TF). (B) Elastic component (EC). (C) Viscous
component (VC). (D) Neural component (NC). Note that * refers to P < 0.03.
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regarding amplitudes of LLRs, ANOVA exhibited the sig-
nificant factors “L-dopa” (F1,7 = 18.47, P = 0.03), “veloc-
ity” (F4,28 = 79.2, P < 0.01), and “velocity” � “L-dopa”
interaction (F4,28 = 22.93, P < 0.01). There was a signifi-
cant effect of “velocity” in the OFF (F4,44 = 150.35,
P < 0.01) and ON states (F4,32 = 36.65, P < 0.01), as
expected from the velocity dependence of the LLRs. LLR
amplitude increased in the OFF state at 200 to 280�/s
(P < 0.01), whereas it increased in the ON state at 236 to
280�/s (P < 0.01). LLR amplitude was comparable in the
OFF and ON states at 100 to 150�/s, whereas it differed
from 200 to 280�/s (all P < 0.01), being higher in the
OFF than ON state (Fig. 2C; Supporting Information S2).
L-Dopa significantly decreased the slope of the curves as
demonstrated by reduced angular coefficients in the OFF
compared with ON state (OFF: 0.0035, ON: 0.002,
t = 7.59, P < 0.01).
Regarding LLR AUC, ANOVA exhibited a significant

factor “L-dopa” (F1,7 = 33.33, P < 0.01), “velocity”
(F4,28 = 271.88, P < 0.01), and “velocity” � “L-dopa”
interaction (F4,28 = 7.1, P < 0.01). There was a

significant factor “velocity” in the OFF (F4,44 = 130.54,
P < 0.01) and ON states (F4,32 = 166.89, P < 0.01).
LLR AUCs increased at 236 and 280�/s in the OFF and
ON states, respectively (all P < 0.01). Although LLR
AUCs were comparable in the OFF and ON states at
100 to 200�/s, they differed being higher in the OFF
state at angular velocities of 236 and 280�/s (P < 0.01)
(Fig. 2D; Supporting Information S2). As for LLR ampli-
tude, we found reduced angular coefficients in the OFF
compared with ON therapy (OFF: 0.00005, ON:
0.00003, t = 5.76, P < 0.01), demonstrating that L-dopa
significantly decreased the slope of the LLR AUC curve.
In the OFF state, after correction for multiple compari-

sons, the clinical measure of rigidity (UPDRS-III-r) corre-
lated with the biomechanical assessment of objective
rigidity (ie, TF) (Fig. 3A) and with the estimated neuro-
nal component (NC) (Fig. 3B) (r = 0.52, P = 0.02;
r = 0.81, P = 0.001, respectively), in line with previous
report in patients ON state.7 Furthermore, UPDRS-III-r
scores correlated with the AMP and AUC of LLRs
(r = 0.59, P = 0.02; r = 0.63, P = 0.006, respectively)

FIG. 2. Long-latency stretch reflexes (LLR). LLRs measured during robot-assisted wrist extensions delivered at different angular velocities, in patients
with PD (Parkinson’s disease) OFF (dashed lines) and ON (continuous lines) states. (A) Latency. (B) Duration. (C) Amplitude. (D) Area under the curve
(AUC). Note that LLRs were unrecordable in PD at an angular velocity of 50�/s. Note that * refers to P < 0.03.
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(Fig. 3C,D). Finally, we found a significant correlation
between NC and AMP and AUC of LLRs (r = 0.81,
P < 0.001; r = 0.63, P < 0.001, respectively) in the OFF
state (Fig. 3E,F) as well as between NC and AMP of
LLRs in the ON state (r = 0.64, P < 0.01).

Discussion

In this study, we applied an innovative experimental
design based on robot-assisted wrist extensions to
examine the effect of L-dopa on objective rigidity in

FIG. 3. Correlation analysis. Correlation analysis among a specific subset of clinical, biomechanical, and neurophysiological measures recorded from
PD patients during robot-assisted wrist extension: (A) MDS-UPDRS-III-r (Movement Disorder Society Unified Parkinson’s Disease Rating Scale, Part III)
versus total force (TF) (r = 0.52, P = 0.02). (B) MDS-UPDRS-III-r versus neural component (NC) (r = 0.81, P = 0.001). (C) MDS-UPDRS-III-r versus LLR
amplitudes (r = 0.59, P = 0.02). (D) MDS-UPDRS-III-r versus LLR AUC (r = 0.63, P = 0.006). (E) NC versus LLR AMP (r = 0.81, P < 0.001). (F) NC ver-
sus LLR AUC (r = 0.63, P < 0.001). Note that correlations refer to biomechanical and neurophysiological measures collected during robot-assisted wrist
extensions delivered at an angular velocity of 280�/s in OFF state.
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PD. The results show that L-dopa reduced both the clin-
ical and biomechanical measures of rigidity and that
these changes were accompanied by a reduction in the
velocity dependence of the LLR, with no effect on
the SLR.

L-Dopa and Rigidity: Biomechanical Measures
Our clinical evaluation demonstrated, as expected,

that L-dopa decreased UPDRS-III-r scores, thus improv-
ing parkinsonian rigidity.3,36,37 Also, the biomechanical
analysis revealed that, in our PD patients, objective
rigidity (as measured by TF) decreased significantly
after L-dopa. Still, we achieved a significant correlation
between the UPDRS-III-r scores and the amount of
objective rigidity (ie, TF); that is, the higher the clinical
severity of rigidity, the greater the TF in patients OFF
state. Our findings agree and expand previous evidence
of a significant beneficial effect of L-dopa on global bio-
mechanical measures of objective rigidity in PD.8,38-40

Furthermore, we determined that the TF contributing
to objective rigidity reflects specific biomechanical com-
ponents of muscle tone such as the NC rather than
intrinsic muscular viscoelastic components (VC and
EC), again in line with previous works in PD.7,9 Finally,
the significant correlation between UPDRS-III-r and the
amount of NC (ie, the higher the clinical severity of
rigidity, the greater the NC) in the OFF and ON states
further supports the consistency of our objective mea-
sure of rigidity in PD.
A new relevant finding is that, as in our recent

study,7 the biomechanical measures of objective rigidity
such as the TF and the NC both increased based on the
angular velocity of robot-assisted wrist extensions; that
is, the higher the angular velocity, the greater the TF
and NC in the OFF and ON states. However, the
velocity-dependent increase in TF and NC was greater
in the OFF than ON state. Therefore, we conclude that
the effect of dopaminergic stimulation is to reduce the
velocity dependence of objective rigidity. To sum up,
our methodology allowed us to determine the effect of
dopaminergic stimulation on the objective rigidity in
PD, report its velocity-dependent feature, and support
neuronal activity as the main source of this biomechani-
cal phenomenon.

L-Dopa and Rigidity: Neurophysiologic
Measures

Comparable SLRs in the OFF and ON states, for all
values of angular velocities applied during robot-assisted
wrist extensions, were reported by our neurophysiological
evaluation. This finding is expected because SLRs have
been previously shown not to undergo significant changes
in PD compared to controls, confirming that dopaminergic
stimulation does not affect spinal excitability per se in
PD.4,7,41,42 Conversely, L-dopa reduced the velocity

dependence of the LLRs such that they were smaller ON
than OFF therapy. This was particularly evident at high
stretch velocities, a finding in agreement with previous
studies in the field.10,14 The effect of L-dopa in modulating
LLRs expands our previous findings on abnormal LLRs in
PD.4,7,15,16,43 Finally, LLR amplitude correlated positively
with biomechanical measures of objective rigidity; that is,
the higher the amplitude of LLRs, the greater NC in the
ON and OFF states. Using simultaneous biomechanical
and neurophysiological measures, we demonstrate that
L-dopa reduces both objective rigidity and the velocity
dependence of the LLRs.

L-Dopa and Rigidity: A New
Pathophysiological Model

In our previous study,7 we proposed a putative patho-
physiological network contributing to objective rigidity in
PD and implying specific neural connections among the
brainstem, cerebellum, and spinal cord. The hypothetical
neuronal network was suggested following the assump-
tion of shared neuronal pathways underlying LLRs and
parkinsonian rigidity, and finally the timing required by
the brainstem, cerebellum, and spinal cord to modulate
LLRs.44 Therefore, we hypothesized that the neural path-
way underlying LLRs and parkinsonian rigidity would
reasonably imply the following circuit: Ia and group II
afferent fibers!spinocerebellar pathways!ipsilateral cer-
ebellum!deep cerebellar nuclei!cerebello-reticular con-
nections!ponto-bulbar reticular formation!medial and
dorsal reticulospinal tract (RST) ! intrinsic spinal cord
circuits projecting onto α and γ motor neurons. Among
the aforementioned connections, the cuneo-cerebellar
tract, which can be included in the spinocerebellar path-
ways and is deputed to rely on proprioceptive information
from the upper limb to the ipsilateral cerebellum through
the accessory or external cuneate nucleus,45 was consid-
ered crucial in the pathophysiology of abnormal muscle
tone, including the parkinsonian rigidity. Nevertheless, we
cannot exclude that other ascending (ie, rostral spi-
nocerebellar tract and spino-olivary tract)46-48 or des-
cending pathways (ie, rubrospinal tract)49 may also be
engaged in the modulation of LLRs.44 Therefore, a possi-
ble hypothesis to explain the effect of L-dopa on objective
rigidity in PD would imply the interaction between dopa-
minergic transmission and one or more neuronal struc-
tures of the spino-cerebello-reticulo-spinal pathway.
Experimental studies in PD animal models, including 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) non-
human primates, have demonstrated abnormal functional
connections between the globus pallidus pars interna
(GPi) and substantia nigra pars reticulata (SNr) and
brainstem nuclei such as the pedunculo-pontine nucleus
(PPN).50-60 Therefore, abnormal cholinergic excitatory
inputs from the caudal PPN to the nucleus reticularis
giganto-cellularis would lead to hyperactive
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descending reticulospinal projections to α/γ
motorneurones.61-65 Therefore, the beneficial effect
of L-dopa on objective rigidity in PD would result
from partly restored projections from GPi/SNr to
PPN and reticular formation (Fig. 4).50-60

Because we recruited patients in the early-mid stage
of the disease, our findings cannot be generalized to
advanced patients in whom L-dopa may lose its efficacy
on rigidity. Also, it should be considered that some of the

biomechanical variables are estimated measures. More-
over, intrinsic muscular viscoelastic components would
contribute to objective rigidity in advanced PD. Although
objective rigidity is associated with increased LLRs, addi-
tional phasic or tonic stretch reflexes would also modulate
the effect of L-dopa on rigidity. We cannot exclude that
LLRs and rigidity in PD would also reflect the abnormal
activation of cortical motor areas. Also, parkinsonian
rigidity may be associated with biomechanical changes

FIG. 4. Putative neuronal pathway contributing to the levodopa-induced effect on objective rigidity in Parkinson’s disease (PD). [Color figure can be
viewed at wileyonlinelibrary.com]
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recorded at different angular velocities. Furthermore, the
engagement of additional motor networks would be
hypothesized in patients manifesting tremor. Finally, it is
likely that dopaminergic denervation also leads to changes
in noradrenergic and serotonergic descending projections
that are known to affect spinal cord interneuronal excit-
ability and in turn contribute to rigidity in PD.66,67

In conclusion, the present study provides experimental
evidence on the effect of L-dopa on objective rigidity in
PD. Future studies will further clarify the effect of L-dopa
on parkinsonian rigidity in more advanced stages of the
disease. Finally, our methodology would provide a novel
approach for investigating other types of hypertonia,
including spasticity.
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