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Rigidity in Parkinson’s disease: evidence
from biomechanical and neurophysiological
measures

Francesco Asci,*T Marco Falletti,"" Alessandro Zampogna,® Martina Patera,’
Mark Hallett,? John Rothwell* and Antonio Suppa’?

TThese authors contributed equally to this work.

Although rigidity is a cardinal motor sign in patients with Parkinson’s disease (PD), the instrumental measurement of
this clinical phenomenon is largely lacking, and its pathophysiological underpinning remains still unclear. Further
advances in the field would require innovative methodological approaches able to measure parkinsonian rigidity ob-
jectively, discriminate the different biomechanical sources of muscle tone (neural or visco-elastic components), and
finally clarify the contribution to ‘objective rigidity’ exerted by neurophysiological responses, which have previously
been associated with this clinical sign (i.e. the long-latency stretch-induced reflex).

Twenty patients with PD (67.3 +6.9 years) and 25 age- and sex-matched controls (66.9 + 7.4 years) were recruited.
Rigidity was measured clinically and through a robotic device. Participants underwent robot-assisted wrist exten-
sions at seven different angular velocities randomly applied, when ON therapy. For each value of angular velocity,
several biomechanical (i.e. elastic, viscous and neural components) and neurophysiological measures (i.e. short
and long-latency reflex and shortening reaction) were synchronously assessed and correlated with the clinical score
of rigidity (i.e. Unified Parkinson’s Disease Rating Scale—part III, subitems for the upper limb).

The biomechanical investigation allowed us to measure ‘objective rigidity’ in PD and estimate the neuronal source of
this phenomenon. In patients, ‘objective rigidity’ progressively increased along with the rise of angular velocities dur-
ing robot-assisted wrist extensions. The neurophysiological examination disclosed increased long-latency reflexes,
but not short-latency reflexes nor shortening reaction, in PD compared with control subjects. Long-latency reflexes
progressively increased according to angular velocities only in patients with PD. Lastly, specific biomechanical and
neurophysiological abnormalities correlated with the clinical score of rigidity.

‘Objective rigidity’ in PD correlates with velocity-dependent abnormal neuronal activity. The observations overall (i.e.
the velocity-dependent feature of biomechanical and neurophysiological measures of objective rigidity) would point
to a putative subcortical network responsible for ‘objective rigidity’ in PD, which requires further investigation.
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Introduction

According to the most recent standardized clinical criteria of the
International Parkinson and Movement Disorder Society, rigidity
is considered a cardinal motor sign in association with bradykine-
sia for achieving the diagnosis of Parkinson’s disease (PD).'”
Parkinsonian rigidity is commonly defined as a uniformly and
velocity-independent increased muscle tone probed by the exam-
iner through the passive stretch of muscle groups, which relies
on specific articular joints.>* Parkinsonian rigidity is clinically
tested using specific subitems included in the Unified Parkinson’s
Disease Rating Scale part Il (MDS-UPDRS-III),> which are based on
subjective semiquantitative measures provided by the examiner.®
The clinical assessment of rigidity is also affected by relevant intra-
and inter-rater variability limiting the diagnostic accuracy.® Hence,
to overcome the intrinsic limitations of a perceptual examination,
more objective methodological approaches should be focused on
the instrumental evaluation of ‘objective rigidity’ in PD.

The instrumental investigation of rigidity is also the prerequis-
ite for better understanding the pathophysiological underpinnings
of parkinsonian rigidity in PD. Early neurophysiological studies
have demonstrated normal short-latency stretch reflexes (SLRs) re-
corded from forearm flexors following rapid wrist extensions,”*°
whereas the long-latency stretch reflexes (LLRs) elicited with simi-
lar procedures were increased.'* > However, the specific contribu-
tion of abnormal LLRs to limb rigidity, as subjectively perceived by
the examiner or objectively assessed by biomechanical measures,
has not been thoroughly clarified.****’

Despite being considered a cardinal motor sign in PD, rigidity
has been historically the specific focus of a relatively small number
of clinical and experimental studies. The limited advances
achieved over the last years in the investigation of rigidity in PD
would reflect unsolved methodological limitations in the clinical
and experimental measurement of this phenomenon.'®
Innovative experimental approaches based on a combined evalu-
ation of biomechanical and neurophysiological measures able to
clarify the contribution to ‘objective rigidity’ exerted by LLRs would
gain new insights into the pathophysiology of rigidity in PD.

In this study, we collected biomechanical measures of ‘objective
rigidity’ in patients with PD by using a robotic device able to deliver
controlled wrist extensions and estimate specific biomechanical
components of rigidity such as those related to neural activity or in-
trinsic visco-elastic muscular properties.?>=??> To better discrimin-
ate specific biomechanical sources of ‘objective rigidity’ according
to their velocity-dependent features (i.e. viscous and elastic compo-
nents), we delivered robot-assisted wrist extensions at various an-
gular velocities. To improve the current pathophysiological
understanding of parkinsonian rigidity, we also combined the bio-
mechanical measurement of ‘objective rigidity’ with neurophysio-
logical recordings of stretch-induced muscular responses from
wrist flexors (i.e. SLRs and LLRs). Additionally, our neurophysio-
logical evaluation included recordings of long-latency EMG re-
sponses from wrist extensors (i.e. shortening reaction—SR) given
the putative role of SR previously raised in the pathophysiology of
parkinsonian rigidity.?® Lastly, we correlated all biomechanical
and neurophysiological measures of ‘objective rigidity’ with the
standardized clinical evaluation of parkinsonian rigidity.

Materials and methods

Twenty patients with PD [eight females and 12 males; mean age +
standard deviation (SD), 67.3 + 6.9] and a group of 25 age- and sex-
matched control subjects (nine females and 16 males; mean age +
SD, 66.9 + 7.4) were recruited from the IRCCS Neuromed Institute,
Pozzilli (IS), Italy. The experimental study was approved by the
Institutional Review Board (NCT05070780) and all participants
gave written informed consent. All patients enrolled in the study
had a clinical diagnosis of idiopathic PD according to the diagnostic
criteria of the International Parkinson and Movement Disorder
Society.? All participants were right-handed as assessed by the
Edinburgh Handedness Scale.’* Baseline demographic and an-
thropometric parameters, including weight, height, body mass in-
dex (BMI), hand size and metacarpal length (distance between the
wrist joint and the third metacarpal knuckle) were reported for
each participant (Table 1). Participants with pain or manifesting
orthopaedic/rheumatological limitations in the upper limbs were
excluded. The motor signs and symptoms of PD were assessed util-
izing the Hoehn and Yahr (H&Y) scale®® and the MDS-UPDRS-IIL>
Specifically, to assess the level of rigidity in the most affected
upper limb, we used the specific subitem (i.e. subitem 3.3) for
rigidity evaluation included in the MDS-UPDRS-III scale (MDS-
UPDRS-III-r). Cognitive functions were examined with the
Montreal Cognitive Assessment (MoCA)*® and the Frontal
Assessment Battery (FAB),”” whereas mood was assessed through
the Hamilton Depression Rating Scale (HAM-D).?® Also, only non-
demented participants (MoCA >26) were included in the study.
None of the participants took any drug acting on the CNS except
for dopamine replacement therapy. All patients were evaluated at
least 1-2 h after the last intake of the usual dose of L-DOPA and/or
other antiparkinsonian drugs and thus in a practically ON state.?
The clinical and anthropometric features of all participants are
summarized in Table 1.

The experimental paradigm used in the present study is shown in
Fig. 1. Participants sat comfortably on an armchair close to the ro-
botic device designed for the objective assessment of wrist muscle
tone (NeuroFlexor, Aggero MedTech AB). Subjects were asked to re-
lax and keep their shoulder in 45° abduction, the elbow in 90° flex-
ion, the forearm in pronation, and the hand placed on the platform
of the device during the experiment, following standardized proce-
dures.?>?°3> The more affected upper limb was assessed in pa-
tients with PD, whereas in control subjects, we investigated the
dominant upper limb, in line with the previous studies.?*>*%3¢ The
robot-assisted device elicited passive hand movements centred
on the wrist joint (i.e. wrist extensions), associated with a con-
trolled stretch of the wrist flexors. The robot-assisted wrist exten-
sions were delivered with a specific range of motion (ROM) of 50°
(i.e. ranging from -20° to +30°) following standardized proce-
dures.’” Concerning the angular velocity, the robot-assisted wrist
extensions were administered at seven different angular velocities
randomly applied (i.e. 5-50-100-150-200-236-280°/s). The robot-
assisted device reaches the target angular velocity with an angular
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Table 1 Demographic, anthropometric and clinical features of participants

MDS-UPDRS-III-r

BMI Metacarpal Hand MoCA FAB HAM-D Disease H&Y MDS-UPDRS-III
(kg/m?  length (mm)

Height

Gender n (%) Weight

Age

duration
(year)

mass
(kg)
0.4+0.1

(cm)

(kg)
F

M

(years)

2.1+0.8

21.8+8.2

+0.6

2.1

51+

1.8+1.4

165+13 2.1+1.6
17.0+1.0

27.4+1.2
27.7+14

97.0+9.8
92.0+13.2

259+35
243+35

168.5+9.5
173.1+9.7

74.0+14.2
73.1+13.7

8 (40)
9 (36)

12 (60)
16 (64)

67.3+6.9

PD

+0.1

0.4

HS 669+74

Montreal Cognitive Assessment; MDS-UPDRS-III = Unified Parkinson’s

Hoehn and Yahr scale; MoCA =

healthy subjects; H&Y =

Hamilton Depression Scale; HS

Frontal Assessment Battery; HAM-D =

BMI = body mass index; FAB

Parkinson’s disease.

Disease Rating Scale part IIl; MDS-UPDRS-III-r = subitem for right upper limb rigidity; PD
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acceleration of ~13°/s%.3! The experimental paradigm consisted of
six independent sessions each based on the acquisition of five trials
at slow angular velocity (5°/s) (basal measurements) and 10 trials at
one of the six remaining angular velocities randomly delivered,
with an inter-trial interval of at least 10 s, and inter-session interval
of 5 min. Accordingly, the whole experiment consisted of 90 wrist
extensionsin total (i.e. 30 slow angular velocity trials + 60 fast angu-
lar velocity trials). The specific range of angular velocities was se-
lected to examine velocity-dependent biomechanical changes in
control subjects and patients with PD. For this purpose, a slow an-
gular velocity of 5°/s was included as a reference for the system
since it is below the threshold for spindle activation in distal mus-
cle.*® Moreover, we selected angular velocities ranging from 50°/s to
280°/s since angular velocities below 70°/s,? and above 300°/s pro-
vide no additional information.’* Conversely, angular velocities
ranging from 140 to 190°/s are the most sensitive to muscle tone de-
tection.® Also, the angular velocity of 236°/s was selected to con-
form with the previous procedures.®' Lastly, the calibration of the
robot-assisted device required five additional trials for each value
of angular velocity, implying robotic movements given alone
(i.e. without the arm of a participant)®* (Fig. 2A and B).

The biomechanical measures were acquired and analysed using a
dedicated algorithm included in the robotic device designed for
the objective assessment of wrist muscle tone. In more detail, dur-
ing the fast run, three specific points of force are identified: a first
point (P0) at the beginning of the fast robotic movement and two
further points (P1 and P2) during fast robotic movements.
Moreover, a final point of force (P3) is calculated 1s after the end
of slow robotic movements. After collecting several trials of fast
and slow robotic movements, the algorithm interpolates the four
points of force (PO, P1, P2 and P3), using a standard setting. Then,
the algorithm estimates passive (inertia, resting tension, elasticity
and viscosity) and active (neural) biomechanical components of
muscle tone. Among the estimated passive biomechanical compo-
nents, the inertial component (IC) represents the main resistance to
the hand and platform acceleration. IC is calculated from the fol-
lowing formula:

IC=mxa (1)

where m is the sum of hand and movable platform masses and a re-
presents the angular acceleration. Conventionally, the hand mass
is approximated at 0.6% of body weight. Hence, IC is calculated
for each participant being a constant value throughout the experi-
ment. Moreover, the resting tension is estimated by using the point
of force PO extracted from the total resisting force which reflects the
hand mass before the stretch onset. As for IC, resting tension can be
also considered a constant value for each participant during the ex-
periments. Concerning the elastic component (EC), the biomechan-
ical model considers it as a length-dependent resisting force that
increases the more the muscles and tendons are stretched and in-
cludes both the linear elasticity and the non-linear end range stiff-
ness. Accordingly, EC is estimated by using the point of force P3
recorded 1s after the end of the slow robotic movement. By con-
trast, the viscous component (VC) is a velocity-dependent resisting
force made up of an early component that is high during the initial
acceleration and a late component thatis maintained during the re-
maining muscle stretch. The early component of VCis estimated at
the point of force P1 by subtracting IC from the total resisting force.
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Figure 1 Experimental paradigm. Top left: Robotic device used for delivering controlled wrist extensions at various angular velocities and allowing the
objective assessment of muscle tone. Top right: EMG signal recorded from the extensor carpi radialis (ECR) (line 1) and flexor carpi radialis (FCR) (line 2)
using a couple of surface electrodes and a ground (line 3). Bottom right: Synchronization and digitalization by using A/D laboratory interface of raw sig-
nals recorded by a triaxial accelerometer (line 4) and surface EMG electrodes (line 5). Bottom left: The workstation used for online inspection and offline
analysis of synchronized neurophysiological (line 6) and biomechanical measures (line 7).

Differently, the late component of VC is conventionally approxi-
mated as 20% of the early viscosity, based on previous reports.*
Furthermore, the neural component (NC) is estimated at the point
of force P2, corresponding to the maximal extension at the end of
the fast robotic movement by subtracting EC and VC components
from the total resisting force. The estimated biomechanical
components are corrected for age, weight and metacarpal length,
using a standard setting and finally displayed by a graphic inter-
face.?*! Lastly, the algorithm calculates the total force (TF) by add-
ing the five estimated biomechanical components of muscle tone
(inertial, resting tension, EC, VC and NC) through the following
mathematical equation also described in previous methodological
studies:

TF(q) = EC(q) + VC(q) + NC(q) 2

where TF is the total force, EC is the elastic force, VC is the viscous
force and NC is the neural force and q indicates a specific an-
gle.?>*141 IC and resting tension are not included in Equation (2)
since both are constant values already included in the estimation
of VC, EC and NC.

Neurophysiological measures

EMG was recorded from the flexor and extensor carpi radialis mus-
cles [flexor carpi radialis (FCR) and extensor carpi radialis (ECR)],
through surface electrodes according to standardized procedures.*?

The raw EMG signal was sampled at 5 kHz with a CED 1401 A/D la-
boratory interface (Cambridge Electronic Design), amplified and fil-
tered (20 Hz-2 kHz bandwidth) with a Digitimer D360 (Digitimer
Ltd). The data were online visually inspected and stored on a work-
station for offline analysis (Signal Software, Cambridge Electronic
Design, Cambridge, UK). We analysed EMG in a time window start-
ing at 100 ms before the robot-assisted wrist extensions to 100 ms
after the end of the robotic displacement (see Figs 1 and 2C-H for
further details). To exclude the possible influence on SLRs, LLRs
and SRs of background muscle activity occurring in the 100 ms pre-
ceding robot-assisted wrist extensions, we excluded trials showing
EMG activity >50 pV from further analysis. We then rectified all
EMG signals and averaged 10 trials collected for each trial. The
SLRs, LLRs and SRs were all calculated according to standardized
procedures i.e. vertical cursors were first placed according to the
expected latency of EMG responses (i.e. 25-45 ms for SLRs, 50—
100 ms for LLRs and finally 120 + 15 ms for SRs)***® and cursor pos-
ition was then visually optimized to restrict the analysis to EMG
bursts of at least 50 uv***3#* (Fig. 2C-H). Also, besides short and
long-reflexes, we verified possible additional stretch-induced EMG
activity by measuring the area under the curve (AUC) of EMG activ-
ity recorded from the onset of SLR to the end of the robot-assisted
wrist displacement. The simultaneous recordings of EMG and bio-
mechanical measures during the robot-assisted wrist extensions
were allowed by a dedicated script ad hoc designed to receive input
signals from a triaxial accelerometer (E.M.S. s.r.]) placed at the level
of the Il metacarpus (Fig. 1).
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Figure 2 Experimental design. (A and B) Example of biomechanical measurements during robotic-assisted wrist extensions, in a representative
healthy subject (HS) (A) and PD patient (B). The blue line represents the robotic displacement in degrees (—20° to +30°). Dark red lines indicate the total
force (TF) recorded during the robotic device displacement alone (i.e. under calibration). Red lines indicate the TF recorded during the robotic device
displacement (the upper panel shows fast displacements at 280°/s; the lower panel shows slow displacements at 5°/s). The figure also shows four ‘points
of force’ (PO, P1, P2 and P3), which are interpolated to calculate the passive (viscosity and elasticity) and active components (neural) of the ‘objective
rigidity’, using a dedicated algorithm (see ‘Materials and methods’ section). (C-F) Example of rectified EMG activity recorded from the flexor carpi ra-
dialis (FCR) muscle (red line above) and accelerometric signal (red line below) recorded during the robot-assisted wrist extension at slow (100°/s) (C-E)
and fast (280°/s) (D-F) angular velocity, in a representative healthy subject (C and D) and PD patient (E and F). The blue line represents the robotic dis-
placement in degrees (—20° to +30°). In all panels, the vertical cursors indicate how neurophysiological responses [i.e. short-latency reflexes (SLRs) and
long-latency reflexes (LLRs)] have been identified and measured. 1-2: SLR latency; 2«<»3: SLR duration, amplitude and area under the curve (AUC); 1<4:
LLR latency; 4-5: LLR duration, amplitude and AUC, according to standardized procedures. Note that although SLRs were comparable in the healthy
subject and PD patient at all angular velocities, the amplitude and AUC of LLRs were higher in the PD patient than in the healthy subject at an angular
velocity of 280°/s. (G and H) Example of rectified EMG activity recorded from the extensor carpi radialis (ECR) muscle (red line above) and accelerometric
signal (red line below) recorded during the robot-assisted wrist extension 280°/s in a representative healthy subject (G) and PD patient (H). The vertical
cursors indicate how neurophysiological responses [i.e. shortening reactions (SRs)] have been identified and measured. 1-2: SR latency; 2-3: SR dur-
ation, amplitude and AUC.
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We did not determine the sample size of participants a priori, be-
cause of the exploratory nature of the present study, which is based
on an innovative experimental design never used before and em-
ploying combined clinical, biomechanical and neurophysiological
recordings. Therefore, we used a standard frequentist method
based on sequential analysis. The normality of all variables was as-
sessed using the Kolmogorov-Smirnov test. The x> test was used to
compare gender distribution in controls and patients. The Student’s
unpaired t-test was used to compare demographic (i.e. age) and an-
thropometric parameters and clinical scales (i.e. MoCA, FAB and
BMI), in controls and patients. The Student’s unpaired t-test was
also used to compare EMG amplitudes and AUC before and after
robot-assisted wrist displacement in both groups. A
mixed-ANOVA design was used to compare the possible variations
of all biomechanical (i.e. EC, VC, NC and TF) and neurophysiological
(i.e.latency, duration, area and AUC of the SLRs, LLRs and SRs) mea-
sures as a function of the various angular velocities by using ‘vel-
ocity’ (six levels: 50-100-150-200-236-280°/s) as a within-group
factor and ‘group’ (controls and PD) as the between-group factor of
analysis. All recorded biomechanical and neurophysiological data
were considered in the mixed-ANOVA analysis, including null
data. In case of violations of sphericity at the Mauchly’s test on
the factor ‘velocity’, the Greenhouse-Geisser corrections were ap-
plied. Tukey’s honest significance test was used for post hoc analysis.
We used the Spearman’s rank test for assessing possible correla-
tions between relevant clinical, biomechanical and neurophysio-
logical measures. Given the standard frequentist method here
applied for statistics, the level of significance initially set at P <
0.05 was corrected, according to the Pocock’s procedure for sequen-
tial analysis to P=0.0184 (approximated to 0.02), considering four
interim analysis.***’ Values are presented as mean+SD.
Statistical analyses were performed using STATISTICA version
10.0 (TIBCO Software Inc.).

All clinical and instrumental data are stored offline at the IRCCS
Neuromed Institute and the Department of Human
Neurosciences, Sapienza University of Rome, Italy and are available
on reasonable request to the corresponding author.

Results

Demographic and anthropometric variables were normally distrib-
uted in controls and patients and were all comparable in the
two groups: age (t=0.17; P=0.87), weight (t=0.20; P = 0.84), height
(t=-1.61; P=0.11), BMI (t=1.54; P=0.13), hand weight (t=0.20;
P =0.84) and metacarpal length (t=1.39; P=0.17). Also, the MoCA
(t=-0.72; P=0.48), FAB (t=-1.47; P=0.15) and HAM-D (t=0.56;
P=0.58) scores were comparable between controls and patients
with PD (Table 1). All the collected experimental data were included
in the analysis and no ‘outliers’ were excluded. The detailed output
of the statistical analysis, including all Greenhouse-Geisser correc-
tions, is reported in Supplementary material 1.

The total force (TF) differed between controls and PD patients,
as shown by the significant effect of the factor ‘velocity’
[F(s,215)=36.99, P<0.01], ‘group’ [F(1,43=60.33, P<0.01] and the
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‘velocity’ x ‘group’ interaction [Fs »15)=24.56, P <0.01]. The post hoc
analysis revealed a significant effect of factor ‘velocity’ in PD
[F(s,95)=29.88, P < 0.01] and controls [F(s 120 = 3.34, P < 0.01]. In PD pa-
tients, TF significantly increased at 200°/s (P < 0.01), 236°/s (P < 0.01),
and finally 280°/s (P < 0.01), whereas in healthy subjects, it did not.
Although TF was comparable in controls and patients at 50°/s (P =
0.99), it differed in the two groups being significantly greater in PD
patients than in controls at angular velocities of 150°/s (P =0.02),
200°/s (P<0.01), 236°/s (P<0.01), and finally 280°/s (P<0.01)
(Fig. 3A and Table 2).

Concerning elasticity (EC), ANOVA showed comparable values
in controls and patients for all angular velocities as shown by the
non-significant factor ‘velocity’ [F(s 215 =1.60, P=0.16] and ‘group’
[F(1,43 = 2.45, P=0.13] (Fig. 3B and Table 2).

The viscosity (VC) increased significantly with angular velocities
and did so to a similar extent in controls and PD patients, as shown
by the significant effect of the factor ‘velocity’ [F(5,215) =22.56, P <
0.01] and the non-significant effect of the factor ‘group’ [F(;,43y=0.12,
P=0.73], and the ‘velocity’ x ‘group’ interaction [Fs 15 =0.67, P=
0.65]. Viscosity increased significantly in PD patients [F(so5) =
18.23, P<0.01] and similarly in controls [Fs120)=10.93, P <0.01]
starting in from 100°/s (all P <0.02) in PD patients and from 150°/s
(all P <0.02) in healthy subjects. Viscosity was comparable in con-
trols and patients at all values of angular velocities (Fig. 3C and
Table 2).

The neural component (NC) differed between controls and PD
patients, as shown by the significant effect of the factor ‘velocity’
[F(s,215)=38.14, P <0.01] and ‘group’ [F(143 =146.32, P<0.01], and
the ‘velocity’ x ‘group’ interaction [F(s15=43.04, P <0.01]. There
was a significant effect of factor ‘velocity’ in PD [F(5 95 =37.13, P <
0.01] but not in controls [Fs,120=0.55, P=0.74]. In PD patients, NC
increased significantly at angular velocities of 200°/s (P <0.01),
236°/s (P <0.01) and 280°/s (P <0.01), whereas in healthy subjects
it did not. NC was comparable in controls and patients at 50-100
and 150°/s, whereas it progressively increased being higher in pa-
tients than in controls at angular velocities of 200°/s (P <0.01),
236°/s (P < 0.01) and 280°/s (P < 0.01) (Fig. 3D and Table 2).

Student’s t-test for independent measures showed comparable
background muscle activity occurring before as well as after robot-
assisted wrist displacement in the two groups, in all experiments.

We failed to record neurophysiological responses in controls
and patients during robot-assisted wrist extensions at angular vel-
ocities of 5°/s and 50°/s. Conversely, angular velocities >100°/s in-
creased the likelihood of recording two independent bursts of
EMG activity from the FCR at latencies of about 30 ms (i.e. SLR)
and 80 ms (i.e. LLR). Lastly, angular velocities >100°/s also increased
the likelihood of recording a single burst of EMG from the ECR at la-
tencies of about 120 ms (i.e. SR).

We obtained reliable SLRs at 100°/s in 32% (8/25) of controls and 35%
(7/20) of PD patients, at 150°/s in 56% (14/25) of controls and 55% (11/
20) of PD patients, at 200°/s in 72% (18/25) of controls and 70% (14/20)
of PD patients, at 236°/s in 80% (20/25) of controls and 80% (16/20) of
PD patients and, finally at 280°/s in 80% (20/25) of controls and 85%
(17/20) of PD patients. The y? test showed a comparable distribution
of SLR frequencies in controls and patients with PD.
Between-group ANOVAs included neurophysiological data
recorded in all participants, regardless of the presence of a
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Figure 3 Biomechanical measures. Biomechanical measures achieved during robot-assisted wrist extensions delivered at different angular velocities,
in healthy subjects (HS, dashed lines) and patients with Parkinson’s disease (PD, continuous lines) (A) Total force (TF). (B) Elastic component (EC). (C)

Viscous component (VC). (D) Neural component (NC). *P < 0.05.

measurable SLRs at each angular velocity, and thus including null
data. Angular velocity did not modify SLRs in controls and patients,
as indicated by the non-significant effect of the factor ‘velocity’ [la-
tency: Fiy,36 =2.48, P=0.06; duration: F(, 4g)=0.76, P=0.55; ampli-
tude: Fyq0=1.15, P=0.35; and AUC: Fi4120=0.54, P=0.64], and
‘group’ in all comparisons [latency: F ¢ =1.11, P=0.32; duration:
Fu,12=0.24, P=0.63; amplitude: F(10=0.10, P=0.34; and AUC:
F1,30=0.21, P = 0.65] (Fig. 4A-D and Table 2).

Long-latency stretch reflexes

We obtained reliable LLRs at 100°/s in 12% (3/25) of controls and 45%
(9/20) of PD patients, at 150°/s in 20% (5/25) of controls and 70% (14/
20) of PD patients, at 200°/s in 32% (8/25) of controls and 70% (17/20)
of PD patients, at 236°/s in 52% (13/25) of controls and 95% (19/20) of
PD patients and, finally at 280°/s in 48% (12/25) of controls and 95%
(19/20) of PD patients. The y? test showed that LLRs frequency was
higher in PD patients than controls at angular velocities of 150°/s
(P<0.01), 200°/s (P<0.01), 236°/s (P<0.01) and 280°/s (P<0.01),
whereas at 100°/s it did not.

Between-group ANOVAs included neurophysiological data re-
corded in all participants, regardless of the presence of a measur-
able LLRs at each angular velocity, and thus including null data.
Angular velocity did not modify the latency and duration of LLRs
in controls and PD patients, as indicated by the non-significant ef-
fect of the factor ‘velocity’ [latency: F o) =2.46, P =0.06; duration:
Fu,40=1.02, P=0.41] and ‘group’ in all comparisons [latency:
F1,100=0.001, P =0.98; duration: F(3,10)=2.99, P=0.11] (Fig. 5A and B
and Table 2). Conversely, concerning amplitudes, between-group

ANOVA showed the significant effect of the factor ‘group’ [F(1,10) =
65.15, P <0.01] and a borderline significant effect of the factor ‘vel-
ocity’ [Fis,40=4.27, P=0.0197] and ‘velocity’ x ‘group’ interaction
[Fa,40)=4.34, P=0.0186]. There was a significant effect of factor ‘vel-
ocity’ in PD patients [Fi32=13.72, P<0.01] but not in controls
[Fa,g=3.00, P=0.09]. Differently from healthy subjects, in PD,
LLRs amplitude increased significantly at 150°/s (P <0.01), 200°/s
(P<0.01), 236°s (P<0.01) and finally 280°/s (P<0.01). Although
similar LLRs amplitudes were found in controls and patients at
100°/s (P = 0.97), the amplitudes progressively increased being high-
er in PD than in controls at angular velocities of 150°/s (P <0.01),
200°/s (P <0.01), 236°/s (P < 0.01) and finally 280°/s (P < 0.01) (Fig. 5C
and Table 2). Furthermore, concerning LLRs AUC, between-group
ANOVA showed a significant effect of the factor ‘velocity’ [F(4,42) =
6.78, P <0.01], ‘group’ [F1,8=50.58, P<0.01] and the ‘velocity’x*
group’ interaction [Fy 32 =5.51, P < 0.01]. There was a significant ef-
fect of factor ‘velocity’ in patients [Fi,04) = 15.96, P <0.01] but not in
controls [F4,g=0.66, P=0.64]. In PD patients, the AUCs increased
significantly at 236°/s (P=0.019) and 280°/s (P<0.01). Although
AUCs were similar in controls and patients at 100-150 and 200°/s,
AUCs progressively increased being higher in PD than in controls
at angular velocities of 236°/s (P<0.01) and 280°/s (P<0.01)
(Fig. 5D and Table 2).

Shortening reaction

We obtained reliable SRs at 100°/s in 8% (2/25) of controls and 25%
(5/20) of PD patients, at 150°/s in 12% (3/25) of controls and 35%
(7/20) of PD patients, at 200°/s in 20% (5/25) of controls and 35% (7/20)
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Table 2 Biomechanical and neurophysiological measures of participants

Neurophysiological measures

Biomechanical measures

SRs

LLRs

SLRs

EC vC NC

(N)

TF

AUC
(uvs)
5.0+1.2
59+12

LAT DUR AMP
(ms)

(ms)

AUC
(uvs)
51.4+10.7 0.42+0.16 84+23 125+79 48+14 0.31+0.2

AMP
(mv)

LAT DUR

(ms)

AUC
(uvs)

-0.40+0.32 7.35+246 329+49 365+115 0.20+0.17 22+23 80.7+10.7

AMP
(mv)

DUR

(ms)

LAT

(ms)

)

)

)

(mV)

(ms)

68+22 0.33+0.2

1.3+0.3 103+25

0.16+0.1

78 +12

24+16

0.19+0.11

37+8.7

32+3.1

1.39+£0.95

—-0.34+0.40

223+1.33

HS 324+1.16 2.19+0.68

PD 9.16+3.11

12

41 +

amplitude; AUC =

viscous component.

Biomechanical and neurophysiological measures collected in patients with Parkinson’s disease (PD) and healthy subjects (HS) during robot-assisted wrist extensions delivered at an angular velocity of 280°/s. AMP

total force; VC =

short-latency reflexes; SRs = shortening reaction; TF

neural component; SLRs =

latency; LLRs =long-latency reflexes; NC

elastic component; LAT =

duration; EC =

area under the curve; DUR
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of PD patients, at 236°/s in 28% (7/25) of controls and 40% (8/20) of PD
patients and, finally at 280°/s in 36% (9/25) of controls and 55% (11/
20) of PD patients. The y? test showed a comparable distribution of
SR frequencies in control subjects and PD patients.

Angular velocity did not modify SRs in controls and in PD
patients, as indicated by the non-significant effect of the factor
‘velocity’ [latency: F4,50)=0.28, P=0.89; duration: Fi420=0.77, P=
0.56; amplitude: Fy20)=1.54, P=0.23; and AUC: F(420=2.68, P=
0.06] and ‘group’ for all comparisons [latency: F(; 5y=2.87, P=0.15;
duration: F(;5=1.11, P=0.34; amplitude: F(;,5y=0.01, P=0.92; and
AUC: F(1,5=0.09, P=0.78] (Table 2 and Supplementary material 2).

We used the Spearman test to assess correlation between a specific
subset of relevant clinical (MDS-UPDRS-III-r), biomechanical (TF
and NC) and neurophysiological (LLRs and SLR AMP) measures col-
lected at the angular velocity of 280°/s. Hence, after correction for
multiple comparisons (adjusted P = 0.02/6), the level of significance
of our correlation analysis was set at P < 0.003. The clinical measure
of rigidity (MDS-UPDRS-III-1) correlated with the biomechanical as-
sessment of ‘objective rigidity’ (i.e. TF) (r=0.61; P=0.004) and with
the estimated neuronal component (NC) (r=0.58, P=0.008), even
though both correlations did not survive correction for multiple
comparisons (Fig. 6A and B). TF correlated significantly with NC
(r=0.86,P <0.01) (Fig. 6C). Also, the amplitude of LLRs showed a cor-
relation with TF (r=0.57, P=0.01), that did not survive correction
for multiple comparisons (Fig. 6D), and a significant correlation
with the NC (r=0.69, P < 0.01) (Fig. 6E). Lastly, there was no correl-
ation between SLR and LLRs (r =0.28, P =0.32) (Fig. 6F).

Discussion

Our experimental design implying robot-assisted wrist extensions
allowed us to measure ‘objective rigidity’ in PD and clarify the
velocity-dependent feature of specific biomechanical and neuro-
physiological abnormalities responsible for this phenomenon.
Our experimental observations provide advances in the current un-
derstanding of the pathophysiology of rigidity in PD.

Differently from controls, patients manifested an enhancement of
total force (TF), and in turn ‘objective rigidity’, with a progressive in-
crease of angular velocities (i.e. the faster angular velocity, the
greater TF and thus objective rigidity). Our findings support previ-
ous evidence of a velocity-dependent feature of parkinsonian rigid-
ity®®>! and are fully in agreement with the single previous
observation in PD using the same robot-assisted device.”
Moreover, the main biomechanical component of ‘objective rigid-
ity’ in PD arose from neural activity rather than reflecting intrinsic
visco-elastic components.?>*%>! Furthermore, the amount of neur-
al activity estimated by the algorithm (i.e. NC) strongly correlated
with ‘objective rigidity’ (i.e. TF), and both values showed a correl-
ation trend with MDS-UPDRS-III rigidity subitems (i.e. the greater
TF and NC, the higher the clinical severity of rigidity).?* Although,
as expected, the estimated viscous component progressively in-
creased with angular velocities, it did so comparably in controls
and patients with PD thus excluding a significant contribution of
viscous components to ‘objective rigidity’ in PD.?***>* Taken to-
gether, our robot-assisted methodology allowed us to measure ‘ob-
jective rigidity’ in PD, report its velocity-dependent features, and
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Figure 4 Short-latency reflexes (SLRs). SLRs measured during robot-assisted wrist extensions delivered at different angular velocities, in healthy sub-
jects (HS) (dashed lines) and patients with Parkinson’s disease (PD) (continuous lines). (A) Latency. (B) Duration. (C) Amplitude. (D) Area under the curve
(AUC). Note that SLRs were unrecordable in HS and PD patients at an angular velocity of 50°/s.

support neuronal activity as the main source of this biomechanical
phenomenon.

Neurophysiological measures of rigidity

By demonstrating comparable SLRs in controls and patients, under all
angular velocities, our neurophysiological investigation confirmed
that ‘objective rigidity’ in PD does not reflect increased excitability
of spinal circuits generating short-latency responses.® %> We, there-
fore, confirm that SLRs do not contribute to ‘objective rigidity’ in PD.

Here we provide the first evidence of a velocity-dependent fea-
ture of LLRs in PD. In addition to the well known increase in ampli-
tude and AUC of LLRs in PD,"*>*2°3 we report here a progressive
increase in LLRs along with the rise of angular velocity. Still, we
found a strong correlation between LLRs amplitude and the estima-
tion of the biomechanical neural component of ‘objective rigidity’
(i.e. the higher amplitude of LLRs, the greater NC). In summary,
we demonstrated that the velocity-dependent changes in LLRs par-
allel those observed during the biomechanical measurement of ‘ob-
jective rigidity’ in PD.>*

The specific pathophysiological contribution of increased LLRs
to ‘objective rigidity’ in PD is difficult to argue.?*** The hypothesis
that ‘objective rigidity’ in PD is simply caused by increased ampli-
tudes of LLRs can be easily discarded since LLRs consist of EMG re-
sponses characterized by low amplitude and short duration, which
are not compatible with the overall clinical and biomechanical
evaluation of rigidity. Our experimental design implied phasic

rather than tonic robot-assisted wrist extensions. Hence, it is rea-
sonable that a prolonged muscle stretch would have more likely eli-
cited sustained or tonic EMG activity after LLRs thus explaining
what is clinically perceived as ‘lead pipe’ rigidity. The concurrent
velocity-dependent changes of (enhanced) LLRs and biomechanical
measures of ‘objective rigidity’ would suggest, however, that LLRs
reflect the activation of neuronal loops at least partly overlapping
with those contributing to rigidity in PD. Hence, LLRs could be con-
sidered a neurophysiological measure probing neuronal pathways
associated with rigidity in PD. Further supporting the contribution
of LLRs to the pathophysiology of rigidity in PD, we found that
both LLRs and ‘objective rigidity’ (i.e. total force and estimation of
the neural component) increased progressively, starting from an-
gular velocities of 150°/s, confirming the previous reports.? Given
that the typical clinical manoeuvres for muscle tone assessment
imply angular velocities ranging from 60 to 200°/s,*** our findings
would also suggest that faster wrist displacements more likely al-
low a clear detection of rigidity in patients with PD.

Lastly, we excluded a relevant contribution to ‘objective rigidity’
exerted by shortening reactions (SRs). The SR consists of a long-
latency stretch-induced EMG response recorded from the antagon-
ist muscle and still of unknown origin.>® Our observations are not in
line with previous studies demonstrating a significant relationship
in PD between the SRs and the torque-angle slope, likely due to dif-
ferent methodologies used.?****® Overall, our findings suggest that
the excitability of neuronal circuits generating shortening reac-
tions®*°* operated within normal ranges in PD.
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Figure 5 Long-latency reflexes (LLRs). LLRs measured during robot-assisted wrist extensions delivered at different angular velocities, in healthy sub-
jects (HS) (dashed lines) and patients with Parkinson’s disease (PD) (continuous lines). (A) Latency. (B) Duration. (C) Amplitude. (D) Area under the curve
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Following the assumption of a partial overlap between neuronal
loops generating LLRs and brain structures responsible for parkin-
sonian rigidity, gaining new insights into the pathophysiology of ri-
gidity in PD would require a better understanding of neuronal
generators for LLRs. Traditionally, the first line of evidence attribu-
ted abnormal LLRs in PD to spinal circuits activated by slowly-
conducting group II afferent fibres.’*”°8 However, this hypothesis
has also been questioned since group Il fibres are not sensitive tora-
pid and short joint displacements, which can elicit LLRs from both
proximal and distal muscles of the lower limb, thus suggesting the
multifactorial origin of LLRs.>**®%° Alternatively, increased LLRs
in PD would prominently reflect the abnormal activation of a trans-
cortical neuronal loop involving the activation of the sensorimotor
cortex.®>26961 This theory would rely on the observation that the
latencies of the LLRs for distal hand muscles fit in well with those
expected by the transcortical neuronal loop. Also, it has been de-
monstrated that lesions affecting the transcortical loop could dis-
rupt the LLRs.*®®! However, several lines of evidence argue also
against this hypothesis since (i) intracranial recordings in an ani-
mal model of PD have demonstrated that neuronal activity in the
primary motor cortex may be unrelated to the amplitude of stretch-
induced LLRs®?; (ii) neuroimaging and neurophysiological studies
with non-invasive transcranial magnetic stimulation,®® probing
the activation of the transcortical sensorimotor loop in PD patients
have reported reduced rather than increased cortical activity®*

after proprioceptive inputs able to elicit LLRs**%*®%; and (iii) a

recent study in healthy humans using a plasticity-inducing
protocol based on a modified paired associative stimulation®*%*
demonstrated long-term changes in LLRs as a result of spike timing-
dependent plasticity in the reticular formation.®® In line with grow-
ing experimental data, a more reasonable hypothesis would point
to increased LLRs in PD as a result of abnormal activation of the
ponto-bulbar reticular formation.*>3¢¢27%72 Accordingly, the most
plausible efferent pathway of the neuronal loop responsible for in-
creased upper limb LLRs in PD would imply hyperactive descending
fibres from the ponto-bulbar reticular formation and travelling
through the dorsal and medial reticulo-spinal tracts (RSTs).
According to this hypothesis, parkinsonian rigidity would result
from increased excitability of propriospinal and Ia interneurons
through the ‘facilitatory’ medial RST (which is disinhibited in PD)
and in turn leading to the activation of spinal alpha and gamma mo-
tor neurons.’? Also, the concurrent increased activation of the ‘in-
hibitory’ dorsal RST would lead to increased inhibition of spinal Ib
inhibitory interneurons again contributing to increased activation
of spinal alpha motor neurons.”®’3

Itis more difficult to identify the putative afferent pathways con-
tributing to abnormal LLRs in PD. Possible solutions arise from our
new observation of a velocity-dependent feature of increased LLRs
in PD. Experimental evidence in animals and humans has demon-
strated that the cerebellum would represent the most relevantbrain
structure gaining LLRs.®%°%7% Experimental cooling of selective re-
gions of the paleocerebellum induced loss of predictive feedback,
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including those responsible for the LLRs.”>’® Further supporting the
role of the cerebellum, LLRs are typically reduced in patients af-
fected by cerebellar disorders, such as cerebellar ataxia.”® Hence,
we speculate that the putative neural loop responsible for increased
upper limb LLRs in PD would imply the following pathways: stretch-
induced activation of Ia and group Il afferent fibres—spinocerebellar
pathways—ipsilateral cerebellum—deep cerebellar nuclei—the
ponto-bulbar reticular formation through cerebello-reticular con-
nections”®#°—medial and dorsal RST—intrinsic spinal cord circuits
projecting onto alpha and gamma motor neurons. This hypothetical
neuronal loop would also explain the typical LLRs latency resulting
from descending slow-conducting non-corticospinal tracts.®®
Overall, following the assumption of partial overlap of the neuronal
pathways responsible for LLRs and those contributing to parkinson-
ian rigidity, we speculate that the spino-cerebello-reticulo-spinal
pathway here described would be the neuronal underpinning of ‘ob-
jective rigidity’ in PD. A final comment concerns how the
spino-cerebello-reticulo-spinal pathway putatively responsible for
‘objective rigidity’ in PD can be affected by dopaminergic denerv-
ation. Indeed, rigidity is considered a crucial DOPA-responsive par-
kinsonian feature. Although our study does not clarify the effect of
dopaminergic stimulation on biomechanical and neurophysiologic-
al measures of ‘objective rigidity’ in PD, a reasonable hypothesis im-
plies that dopaminergic denervation elicits ‘objective rigidity’ in PD
through abnormal direct projections to the reticular formation from
the basal ganglia®! or non-primary motor areas, including the sup-
plementary motor areas,*®’° or finally indirect connections via the
pedunculo-pontine nucleus.'*#?

First, our findings should not be generalized to the whole popula-
tion of patients with PD since most of our patients were in the early
or mid-stage PD. Hence, we cannot exclude that, in more advanced
stages of the disease, parkinsonian rigidity is also associated with
changes in components.
Furthermore, given that our measures have been acquired in pa-
tients in the ON state, the present study does not provide any infor-
mation about the effect of dopaminergic stimulation on
biomechanical as well as neurophysiological features of ‘objective
rigidity’ in PD. Our observations do not allow us to exclude a cortical
origin of LLRs as well as the contribution of the corticospinal tractin
combination with the RST in promoting tonic changes in spinal
interneuronal excitability. Still, although the present study in early
or mid-stage PD showed that ‘objective rigidity’ was associated only
with increased LLRs, we do not exclude that, in more advanced
stages of the disease, besides LLRs, additional phasic or tonic re-
flexes would contribute to parkinsonian rigidity. Lastly, when
evaluating our clinico-neurophysiological correlations, it should
be considered that in addition to stretch-induced EMG responses,
parkinsonian rigidity would also result from patient inability to vol-
untarily relax. Such a component was eliminated with our method
since we did not include trials with background EMG activity.

intrinsic muscular visco-elastic

Conclusions

The present study provides experimental evidence showing that
LLRs contribute to the neural component of ‘objective rigidity’ in
PD. Also, the velocity-dependent feature of ‘objective rigidity’ in
PD helped us to speculate about the putative neuronal pathway re-
sponsible for this relevant parkinsonian sign. We recognize that
this is an exploratory study and future investigations in the field

F. Asci et al.

also using other instrumental devices are required to clarify the
role of our putative neuronal pathway in the pathophysiology of ri-
gidity in PD. Lastly, concerning the effect of .-DOPA, we expect that
patients with PD ON therapy would manifest lower ‘objective rigid-
ity’ and smaller LLRs than patients OFF treatment. However, future
studies will clarify the impact of .-DOPA on biomechanical and
neurophysiological measures of ‘objective rigidity’ and whether
the underlying pathophysiological mechanisms maintain the
same relationship with each other in patients with PD OFF as ON
therapy.
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