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Abstract—In the clinical setting, parkinsonian rigidity is TABLE |
assessed using subjective rating scales such as that of the Unified UPDRS RGIDITY RATING SCALE (ADAPTED FROM[1])
Parkinson’s Disease Rating System (UPDRS). However, such
scales are susceptible to problems of sensitivity and reliability.

Here, we evaluate the reliability and validity of a device designed o
to quantify parkinsonian rigidity at the elbow and the wrist. The 0 Rigidity absent
method essentially quantifies the clinical examination and em- 1 Rigidity slight or detectable only when activated by

ploys small sensors to monitor forces and angular displacements
imposed by the clinician onto the limb segment distal to the joint

being evaluated. Force and displacement data are used to calculate 9
elastic and viscous stiffnesses and their vectorial sum, mechanical
impedance. Interexaminer agreement of measures of mechanical 3
impedance in subjects with Parkinson’s disease was comparable
to that of clinical UPDRS scores. Examiners tended to overrate
rigidity on the UPDRS scale during reinforcement manoeuvres.
Mechanical impedance was nonlinearly related to UPDRS ratings S
of rigidity at the elbow and wrist; characterization of such difficulty
relationships allows interpretation of impedance measurements in
terms of the clinical rating scales.

mirror or other movements
Rigidity mild to moderate

Rigidity marked, but full range of motion easily
achieved

4 Rigidity severe; range of motion achieved with

Index Terms—Biomedical measurements, clinical assessment,levels of interrater agreement, which in some cases were no
force measurement, gyroscope, limb rigidity, Parkinson’s diesease, petter than would be expected by chance [6]-[8]. Our own
parameter estimation, reliability testing. observations have shown disagreement between clinicians as

to the effectiveness of medication [9], which may in fact be
|. INTRODUCTION explained by the tendency of different raters to concentrate to
gJifferent extents on the minimum, mean, or maximum rigidity

REATMENT of Parkinson’s disease can be challengin ) ;
because of variation in symptoms between patien%VOked' It has also been recognized that the severity of one

progression of the disease, and changing responses to medi¥giPtom may affect the assessment of another [unpublished
tions [1]-[3]. The cardinal symptoms of Parkinson's diseagPservations], [1], [10]. A need for more precise methods has
are rigidity, tremor, bradykinesia, and postural instabilit?fl€n been expressed [10]-{13]. _

Rigidity responds well to levodopa and is one of the parameters>€Veral groups have recognized the shortcomings of the sub-
monitored to evaluate the efficacy of pharmacological adgctive methods of assessment of rigidity and have developed

surgical treatments. However, there is currently no standardiZ8§thods of quantifying, among other parameters, the work in-

objective method of measuring rigidity. At present, the cliniv0ved in moving a limb [14]-{16], or the stiffness [17], [18],

cian manipulates the limb of the patient and rates the evok&gonant frequency [19], or activation-induced increases in stiff-
stiffness according to an ordinal rating scale such as that of &S [20], [21] of the limb. Several of the earlier methods in-
Unified Parkinson’s Disease Rating System (UPDRS, Table y)c_)lved the use of torque motors which put unnatural constraints
However, the subjective nature of such scales makes them opBinovementofthe limb. Some of the more recent measurement
to the interpretation of the examiner. Studies of the UPDR§VICes were designed to be used in ways that more closely re-

have found interrater reliability of the rigidity component to b§eMPle a clinical examination [21], [22]. The most often quoted
“excellent” [4], “very good” [2], and “moderate” [5]. Studies reasons for not introducing objective methods of quantification
of the Columbia University rating scale (on which the motdft© the clinical setting are the expense, complexity, and time

component of the UPDRS is based), the Webster rating scai/o!ved [1].

or a recently developed custom scale [6] have reported pooreWe recenFIy mtroducgd a device for the quantlflcatlon.ofhm.b
stiffness which we applied to the measurement of parkinsonian
rigidity at the elbow [9]. This device is based on the method of
Manuscript received November 29, 1999; revised July 17, 2000 and Cessessment of rigidity used routinely in the clinical setting, that
cember 8, 2000. This work was supported by the Alberta Heritage Foundatjen the passive manipulation ofthe joint in question by the exam-
for Medical Research, the Alberta Paraplegic Foundation, the Canadian MRC, . .
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has conferred, or will confer, a benefit upon one or more of the authors. and the amount of rigidity is described in terms of mechanical
The authors are with the Division of Neuroscience, University of Alberta .
Edmonton, AB T6G 2S2, Canada (e-mail: spatric@emory.edu). Impedance as calculated from these two parameters. The device
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thus qualitatively rate the evoked rigidity while it is also bein
guantified. We found that a 50-second trial length provided
more consistent estimate of mean stiffness than the custom
clinical exam, which typically might last about 10 s.

Any method of assessment of clinical symptoms must |
valid, sensitive to changes in the level of the symptom, ai
reliable [2]. Since its introduction, the quantification devict
has undergone substantial changes to the hardware. In -
paper, we test the sensors currently used, validate the algorit
used to calculate stiffness, and assess reliability of the ovel
approach. Since clinicians are accustomed to ordinal rati
scales, it may be preferable to express quantitative measure
terms of such ratings. In this paper, we describe mathematice
the relationship between quantified stiffness measures ¢
UPDRS rigidity scores for the elbow and wrist and discus
the appropriateness of using the resulting equations to expr
guantified measures in terms of the UPDRS rating scale.

Parts of this paper have been presented elsewhere and ap
in abstract form [23]-[25].

Il. METHODS

A. Stiffness Quantification Device

The device was originally designed to measure parkinsoniﬁ'ﬂ- 1. Use of the rigidity quantification devicdo quantify rigidity at the
iqiditv at the elb dth iqinal ion has b d .bgllaow, the examiner flexes and extends the joint through two air-filled pads held
rgidity at the eibow, an e original version has been descri und the wrist. The pads are connected to a differential force transducer to

in detail elsewhere [9]. A more recent version is reviewed hefi@onitor the amount of force employed. A gyroscope mounted on one of the

To quantify rigidity of a particular joint, the examiner repeatpads is used to monitor angular velocity and displacement. A computer program
uses these data to calculate elastic stiffness, viscous stiffness, and mechanical

ed'Y flexes and extends the _JOInt as in a regular CI”’_“C_al eXarTi‘r'ﬁpedance. To quantify rigidity at the wrist, the forearm is pronated and the
nation. The movements are imposed through two air-filled pagkis held around the hand (not shown).

held distal to the joint (Fig. 1). The pads are connected to a dif-

ferential force transducer (Motorola MPX10-DP) which mea- . . . .
Calculation of stiffness values is performed by using a least-

sures the resultant force applied to the pads. A solid state p'eéahares parametric method to solve the following equation for

electric gyroscope (Mur_ata ENCO5E) mounteq on one qf tr}? and B over a 4-s moving window of data
force pads monitors the imposed angular velocity from which 1s

computed displacement. (In the original version of the device, a
long elastic strain gauge was used to monitor displacement; the
gyroscope proved less cumbersome.) Both signals are fed int‘%)
a data acquisition box where they are filtered (9.6 Hz secohd c"®
order low-pass Sallen—key), and digitized. A Motorola 68HC11
microprocessor samples the signals at 2band sends the re-

T=Kx+Bv+C (1)

torque measured;
« andv angular displacement and angular velocity, respec-

sult to a laptop computer. Alternatively, the filtered analog sig- g\llaesl)tac stiffness:
nals can be obtained directly from the box for external display viscosity: ’

or sampling. In addition, a keypad on the box allows input of C tant offset of th
clinical ratings or event markers. constant ofiset of the sensors.

Data collection was controlled via a user interface writteh '€ ViScoUs stiffness iBw, wherew equals2r+ the mean fre-

in Visual Basic (Microsoft). This program invokes MATLAB guency of the cyclical displacement. The output of the device
includes approximately 46-s traces of torque, angular displace-

(Version 4.2c.1, The MathWorks, Inc.) to perform the analysig‘.| t and ' K I imately 42-s t
(A more recent, commercially available version of the devidQent, and event markers, as well as approximately 22-S traces

uses equivalent custom-written subroutines.) The first 0.5 s i andBw. Mechanical impedance( is the magnitude of
each trial, with the limb held still, allows the gyroscope signa‘ e vectorial sum_oK andBf”' .
zero-velocity offset to be determined. The first four seconds fUnIess otherwise specified, for .aII procedures desgrlbed
all signals are discarded to avoid analyzing data collected bef reelow, raw force and gyroscop§'3|gnals were taken directly
the rigidity testing is actually underway. The gyroscope sign pm the output of the d.ata acquisition box (9.6 Hz second-order
is integrated using Euler's method and detrended. Calibrati -pass Sallen—Key filter).

of the raw data signals is then performed using linear interpola- o

tion. Calibration values are obtained by applying a 1 kg weight GYyroscope Validation

to each force pad individually, and by rotating the gyroscope The performance of the gyroscope was tested against that of a
through 90 degrees. Penny and Giles goniometer (Biometrics, Ltd. HB), and that
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s~! (CED 1401 and SIGAVG). A fast Fourier transform was
performed in MATLAB on the raw voltage signals; the fre-
] quency response and phase shift were determined by dividing
6D-Research™ the cross spectral density by the power spectrum of the output
sensor of the servo-motor force transducer.

Penny

*Giles D. Phase Shift Investigation

Elastic stiffnessk) is the ratio of the component of torque in
phase with angular displacement of the joint and the displace-
ment itself; the viscous stiffnes®() is the ratio of the com-
ponent of torque in phase with angular velocity and the velocity
itself. The algorithm used to calculate mechanical impedance
first estimates separately the contributiongtind Bw to the
torque measured. The mechanical impedance is then the vec-
Fig. 2. Positioning of sensors on arm of subject for gyroscope validaioe  tOfial sum of the two stiffnesses. Since any phase shifts of the
performance of the gyroscope in monitoring angular displacement of the adisplacement or force signals with respect to each other will af-
was compared to that of a Perpiles goniometer (RG), and 3-D movement ¢t the relative proportion ok and Bw calculated by the al-
analysis system (6D-Research). The gyroscope was placed along the ulna, just o .
distal to the elbow, and the4G goniometer was positioned along the elbowdOrthm, it is important that the sensors do not introduce phase
on the ulnar side of the arm. Three electromagnetic sensors of the 6D systaigs or leads.
were placed over the styloid process of the radius, and lateral epicondyle of thel'his was tested for the force sensors as described above. To
humerus, and on the shoulder. )

test the gyroscopes, two gyroscopes were attached to the arm of
) ) _ an angular servo motor (Printed Motors Ltd. “Servalco” servo-
of an electromagnetic three-dimensional (3-D) movement anﬁﬁotor) which moved through a range of 20dr 91.5 at fre-
ysis system (6D-Research™, Skill Technologies, Inc.) (6D). quencies ranging from 0.2 to 1.5 Hz. Signals from the gyroscope

‘The sensors were affixed to the right arm of a human subjegid displacement transducers of the servo-motors were digitized
Wl.th no kDOWH neurologl_cal |mpa|rment. Th_e examiner (SP) agt 100 or 20 s! (CED 1401 and SIGAVG). The displacement
plied flexion and extension of varying amplitude and frequengyansducer and integrated gyroscope signals were detrended and
to the elbow joint. The subject was asked either to relax or, oggjibrated by linear interpolation. The calibrated signals were

casionally, to provide some resistance. Positioning of each @btted and compared graphically in MATLAB.
the sensors is shown in Fig. 2. Signals from the gyroscope and

P+G goniometer were digitized at 20-s [Cambridge Elec- E. Validation of System and Test—Retest Reliability on a Model
tronic Design (CED) 1401 interface with 12 bit resolution, andrm

SIGAVG (version 5.42) software]. Data from the 6D electro- | orger to validate the results of the stiffness calculations,
magnetic sensors were sampled atZﬂ)u;sm_g the 6D software. e quantified the elastic stiffness of a model constructed from
Angular displacement was calculated off-line from the®go- 5 prosthetic arm and compared these measurements to the
niometer and integrated gyroscope signals using linear intergQtimates obtained using the rigidity quantification device.
lation. The 6D system produced its own calculations of absgpe model is depicted in an inset of Fig. 3(a). Different levels
lute joint angle based on vectorial projections. Calibrated sig; siifiness were created by attaching different combinations
nals were detrended and aligned to reduce any observed phgsgjastic cords across the elbow. To obtain an independent
shift, and the amplitudes of the signals were compared by cgkiimate of stifiness, the arm was flexed and extended via a
culating root mean square (RMS) errors. load cell at about 0.5 Hz over a constant range measured by
a goniometer. Angular displacement was measured using a
custom-built linear variable displacement transducer (LVDT).
As mentioned above, the force sensors of the device consisThis signal was low-pass filtered at 2.9 Hz (first order) and
two air-filled pads connected to a differential force transducetO Hz (second order Sallen—Key). LVDT and load cell signals
To test linearity, combinations of weights ranging from 10 g taere digitized at 20 st (CED 1401 and SIGAVG). Five 50-s
4630 g were applied to one force pad at a time. Data were ctdsts were performed at each of four stiffness settings. The
lected via the Visual Basic user interface and correlation coatiffness was taken as the slope of the regression line of the plot
ficients between the forces applied and the force output signafsangular displacement versus imposed torque.
were computed. After each set of five trials of a particular stiffness setting,
To test the frequency response and phase shifting of the fothe stiffness was tested again at the same angular range and fre-
sensors, sinusoidal variations in force were applied to one gqpiency for five trials using the rigidity quantification device.
the force pads using a custom-made moving-coil electromafie gyroscope was mounted on the ulnar side of the model
netic force servo-motor with a 4-strain-gauge proving-ring forderearm, just distal to the elbow. For each trial, the mean elastic
transducer. The frequency of the sinusoidal input (FeedbastiffnessK was determined using two methods: 1) by the anal-
Function Generator FG600) was increased from 0.2 to 10 Kgis software as described above; and 2) from the slope of the
over 60 s. The signal from the force sensor and the outputrefyression line of the angle-torque plot. These two values were
the force transducer of the servo-motor were digitized at 1@@n compared to the corresponding estimatds determined

gyroscope

C. Characterization of Force Sensors
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Validation of elastic stiffness calculations posthocwas used to test for significant differences between
__ 0164  LVDT vs. load cell the trials for each stiffness setting. When the data sets failed
$ -4 , tests of normality or equal variance, nonparametric versions
- ‘ of the statistical tests were used (Kruskal-Wallis ANOVA
% 012 j 8 and Student—-Newman—Keuls test). Alpha was set at 0.01 for
S g ANOVA, and 0.05 for thegposthodests.
¥ 0104 -2 .

8 0,05 4 eoe'::w;:glemo‘(,gasﬁc F. Cllnlgal Testing and Determ|.nat_|on of Relatlonghlp of
§ ‘ (Gegrees) .+ cords Mechanical Impedance to Qualitative UPDRS Ratings
g 0.06 'Y prosthetic Clinical testing of the device was performed in order to in-
‘~§ 0.04 - L vestigate the intra- and inter-rater reliability of measure& of
= .." produced by the device, and to compare this reliability to that
£ 0.02 4 of the rigidity scale of the UPDRS. In addition, we wished to
5 0.00 compare the relationship betwegrand the clinical ratings for

. ] i 1 ¥ L 1 I 1

rigidity at the elbow to that determined using an older version
of the device [9], as well as to describe such a relationship for
rigidity at the wrist.

Four patients with idiopathic Parkinson’s disease consented to

@) participateinthisstudyinaccordancewithlocal ethicalcommittee
approval. The average age ofthe subjectswas 58 years (range 52to
Test-retest reliability 64 years), and the average duration since onset of symptoms was
0.20 - 8 years (range 6 to 10 years). One subject (GM) had undergone a
1 right unilateral pallidotomy two years prior to this study. All sub-
as M M jects were tested without alteration of their daily medication rou-
0.12 4 tine; thus, at the time of testing, subjects were not necessarily re-
A a— S —a ceivingmaximal pharmacological benefit.

Four examiners also participated in this study. JJ and WM are
neurologists, and MW is a physiotherapist; all three had exten-
sive experience in clinical evaluation of parkinsonian rigidity.
0.00 T ' T ' T AP, one of the authors of this paper, and one of the developers
of the quantification device, was less experienced in the clinical

test number evaluation of rigidity at the elbow. JJ and AP had both partici-
(0) pated in a previous study involving the quantification device [9].
Fig. 3. Validation of calculations of elastic stiffness using a model aftre The r|g|d|ty of each pat|ent was evaluated by each examiner.
quantification device was tested on a prosthetic limb to which were attach&fl€ Wrist and elbow of the right arm were assessed, separately,
combinations of elastic cords to produce different levels of constant stiffneiss all cases. The examiner first rated the rigidity of the joints
[schematic inset of (a)]. Stiffness of the system was first estimated by repeateggng his or her regular method. Then one or two quantifica-
flexing and extending the arm over a period of 50 seconds using a load cell an . . .
monitoring the angular displacement with an LVDT. The elastic stiffinégs ( 10N trials lasting 50 s each were performed on each joint. The
was taken as the slope of the regression line of the angle-torque plot of the @aminers instructed the patient to perform a reinforcement ma-

signals [graph inset of (a)]. Stiffness of the system was subsequently measifgih )y re of the examiner’s choice (e.g., clench contralateral fist
using the quantification device. Comparison of the estimatés célculated by ! !

the software of the device to the values determined using the load cell and LvE¥ tap leg with contralateral hand) for roughly half of each trial.
yielded a regression coefficient of 0.999, and absolute valuSwere similar  For the quantification trials, the forearm was supinated while

(a). These data also offered a check of test—retest reliability of the quantificatr'gﬂ-b elbow was tested, and pronated while the wrist was tested.

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

load cell and LVDT:
linear regression-calculated K (Nem/degree)

3.8 A

0.16

1

0.08 4

0.04 1 = o o

oy

approximate UPDRS equivalent
w
mechanical impedance (Z) (Nem/degree)

device on a system of constant stiffness. Shown are the mean of samgles .
(+ SEM) of individual trials (b). Statistically significant differences betweer=VE€rY few seconds over the course of each trial, as well as when

some of the measurements of the same stiffness level are attributed to the sthadl rigidity level was felt to change, the examiner verbally rated
dard errors, and are negligi . i 1 i ; . thi ;
fltsaend to create tr‘1e UPDRS a?)iligIfbrlc?mol%tgsigviaDstSetSe(i’?#?nggﬁgﬁqﬂrlgeg{n?g;% I‘Igldlty according to the UPDRS_’ this raiing was recorded
data in this paper (see Section IIl , part E). by SP using the keypad. For all subjects except one, the order
of examiners was: JJ, WM, MW, AP; for subject WD, the order
of JJ and WM was switched.

For purposes of statistical analysis, we assumed that indepen-
from the load cell and LVDT using Pearson’s correlation coeflent samples of could be obtained from a single 50-s trial by
ficient and linear regression. taking samples every four seconds (eveoyh point). (Since

These tests also allowed evaluation of the test—retest releegative/X’ or Bw values imply that the subject was assisting the
bility of the system, as five quantification trials were carriethovements imposed by the examiner, data points falling within
out at each level of stiffness. By taking eves§‘h data point a segment of the trace where eitliéior Bw was negative were
of the mechanical impedancsg trace (one point every four excluded; the point immediately after such a segment was se-
seconds), 11 independent sampleg ofiere obtained for each lected instead.) The corresponding data points from the keypad
trial. One-way ANOVA with Student-Newman—Keuls testrace were used as independent samples of the clinical rating.
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The samples were grouped according to whether or not thégrrelation between the weight and the force output signal
were collected during periods of reinforcement. Any samplegs excellent, regression coefficient9 (anging from 0.997
from nonreinforced segments occurring after a reinforced seg-1.000 for the trials using weight combinations ranging from
ment in the same trial were omitted, as effects of reinforcemes@0 to 3630 g. Deviation from the regression line was 3% over
may still have been present. +3630 g. Regression coefficients were equally good when
To determine the relationship betweehand the clinical smaller weights were applied (10 to 500-gs= 0.998 to 1.000),
rating (UPDRS), the average of the samples of nonreinforcad well as when larger weights were investigated (1000 to
or reinforcedZ obtained fromone trialwas plotted against the 4630 g,» = 0.988 t0 0.999). The range of weights applied
average of the corresponding samples of clinical rating. Tleerresponds to the forces used to passively move wrist and
linear relationship was described as the slope of the regressidimow joints of control subjects or subjects with mild to severe
line passing through the origin and fitted to data from aparkinsonian rigidity.
trials performed during the study. A nonlinear relationship was The frequency response and phase shift of the force sensors
also determined by fitting an exponential equation to the datas tested by applying sinusoidal variations in force to one of
(SigmaPIdP Version 4.01, Jandel Scientific). the force pads via a linear servo-motor in force feedback mode.
Usually an examiner performed two trials ofimpedance quaGompared to the output of the proving- ring force transducer of
tification on each subject. Scores of nonreinforced or reinforcétte servo-motor, the change in gain of the pad force sensor was
rigidity (Z or clinical rating) of one subject by one examine dB in the range of 0.2 to 10 Hz, and 0.5 dB over 0.2 to 2.0
could be calculated by taking the average of all such sampldz. The force pad signal lagged that of the force transducer of
obtained fronboth trials A combined rigidity scoref or clin- the servo-motor strain gauge by 9.& 0.5 Hz, and 2at 1 Hz.
ical rating) was obtained by taking the average of the nonreifhis was opposite to the lead expected based on the frequency
forced and reinforced scores; this allowed equal weighting tésponse, and is thought to be caused by a delay due to the time
either score so that the final measurement was not contingtaken for the air to move through the tube connecting the force
on the amount of time allotted to reinforcement maneuvers. pad to the differential force transducer. We conclude that the
The Spearman rank-order correlation coefficienf) (was force pad transducers are linear and have a flat frequency re-
used as a measure of test—retest reliability, by calculating sponse over the range of frequencies of movements that would
between the results of the first and second trials performbd imposed during rigidity evaluation.
on the same subject by the same examiner. Agreement be- . o
tween examiners was estimated by comparing the coefficiént Phase Shift Investigation
of variation (standard deviation/mean) for each method of Potential phase shift of the integrated gyroscope signal with
measurement. respect to the output of length transducers of servo-motors was
Impedance of five normal control subjects was measured byestigated.
SP using the quantification device. Subjects ranged in age from\/hen the gyroscope was tested over & 80 200 range
46 to 76 years (mean 62.2 years) and included three males and its signal sampled at 20 the integrated signal (angular
two females. Both wrists were tested in four subjects, and bailsplacement) generally lagged the output of the length trans-
elbows in all five. Three 50-s tests were performed on each joigucer of the servo-motor by 20 to 30 ms (equivalent to about
The subjects were asked to perform reinforcement manoeuvig® phase lag at 0.5 Hz, and §hase lag at 1 Hz testing fre-
(tap the knee with the other hand) for roughly the last half gfuencies). The phase shift was negligible when the gyroscope
the second and third trials. Impedance traces were subsamplgfhal was sampled at 1005 and this suggests that the ob-
as described above. Scores of nonreinforced and reinfdfcederved phase shift at 26 swas a result of integration at a low
were calculated for each subject using the data from all trigl&quency of sampling and not an artifact of the sensor itself.
for one joint combined. During evaluation of rigidity, the joint is generally tested over
Unless otherwise stated, statistical analysis for all of thsh approximately 90range, at a rate of 0.5 to 1 Hz. When
above methods was performed using SigmaStat™ Version {h@se ranges are considered, our results indicate that the relative
(Jandel Scientific). phase shift between the force and angular displacement signals
is small (# to 7°), and the effect on estimates &f and Bw
lll. RESULTS minimal.

A. Gyroscope Validation D. Validation of System and Test—Retest Reliability on a Model

Passive angular displacement of the elbow joint of one subjéatm
was measured using a gyroscope,®goniometer and three- e giffness calculations of the quantification device were
dimensional movement analysis syst.em (6D). The RMS errjigated by comparing device-generated estimatés tf the
of the gyroscope compared te-& goniometer (meatk SEM  giifiness of a model arm measured in separate tests with other
2.1+0.09°) or 6D system .9 & 0.12°) represented less thanyansducers [Fig. 3(a)]. The four stifiness settings tested cov-
3% of the total range tested. ered the general range of elbow stiffnesses we have encountered
in patients with parkinsonian rigidity. There were excellent cor-
relations between the independent estimates obtained with

The linearity of the force sensors was tested by applyirtbe LVDT and load cell and those computed by the device soft-
weights of increasing magnitude to each of the force padgare |- = 0.999, Fig. 3(a)], or determined from angle-torque

B. Characterization of Force Sensors
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plots generated from the output of the deviee={ 0.998, not Elbow rigidity:
shown). Absolute values were very similar; the slopes of these ~ Z vs. simultaneously-assigned UPDRS ratings
regression lines were 0.983 and 0.954, respectively. £ no relnforcement

Since eleven independent samplesZoftould be obtained 4 4 ™ reinforcement Ty v vy

from each trial that employed the quantification device, this
set of experiments presented an opportunity to evaluate the
test—retest reliability of the device at each of four relatively

constant stiffness levels. Individual trials within a stiffness m§ 5

setting were usually statistically different from each other £ s“"iec‘**g S
(ANOVA or Kruskal-Wallis ANOVA, o = 0.01, and Stu- z S e
dent—-Newman—Keuls tegtostho¢ o« = 0.05). However, the rating = 4(1-e16501-2)
standard error of each test was very small; although the values 0 4

were different statistically, they were not different in a practical 0.00 0.05 0.10 015 0.20
sense given that the variability corresponded to a small fraction mechanical impedance (2) (Nem/degree)

of one point on the UPDRS scale [see Fig. 3(b)].

. . . . Fig. 4. Relationship between quantified measures and clinical ratings of
E. Clinical Testing and Relationship BetwegBrand UPDRS  elbow rigidity. Quantified measures of mechanical impedaripvere plotted

. . . against simultaneously-assigned UPDRS ratings obtained during quantification
Four examiners measured the mechanical 'mpedancetrﬁs (UPDRS..ring ) Showing a nonlinear relationship. The data were fitted by

the right elbow and wrist of four patients with idiopathiche line in the figure; the equation of this line was used as a means to express
Parkinson’s disease using the quantification device. They alédn terms of the UPDRS rigidity scale. Each point represents the mean of
rated the rigidity of the joints on the UPDRS scale both duri S nnlpcl)izc;frir;?nremforced (open symbols) or reinforced (filled symbols) rigidity
the quantification trials (UPDR&:ins) as well as separately '
using their usual method before the trials (UPRRS ). Rein-
forcement manoeuvres varied between examiners and subjects
and were chosen by the examiner. When the quantificationUsing this equationZ can be scaled so that and UPDRS
device was employed, the period during which the subjestores for individual subjects can be compared graphically.
performed reinforcement maneuvers ranged from one thirdleiy. 5(a) demonstrates the correlation betwegnand
the trial to the entire test period, as decided by the examinelPDR&;,.:ing SCOres shown in Fig. 4, and also indicates the
One of the subjects (GM) experienced medication-inducadriation in scores for each subject. Each large point represents
dyskinesias throughout the session. the meant standard deviation of four scores (one mean score
Without reinforcementZ ranged from 0.008 03 to 0.1058from each examiner). The smaller circles represent the mean
Nem/degree (mear- SEM: 0.0419+ 0.0219) for the elbow scores of individual examiners for each subject. The combined
and 0.003 45 to 0.0254 én/degree (mear- SEM: 0.01144  rigidity score of an examiner for a subject is the average of the
0.004 98) for the wrist. Reinforcement produced overall staonreinforced and reinforced rigidity scores; these are plotted
tistically significant increases i@ (paired¢-test,p < 0.05) inFig. 5(b). Combined scores are compared to the UPRRS
for both joints ¢ with reinforcement: elbow: range 0.0178 taratings, for which a single score takes both reinforced and
0.1433 Nm/degree, mear: SEM: 0.0638+ 0.0279, wrist: nonreinforced rigidity into account.
range 0.008 90 to 0.0363exh/degree, mear: SEM: 0.0194  In general, interexaminer agreement for rigidity at the elbow
+ 0.006 52). was greater with higher rigidity levels. Across subjects, the
When quantified measure</) of reinforced and nonrein- mean & SEM) coefficients of variation for rawz values and
forced rigidity from each trial performed at the elbow wer®&PDRSy;ing SCOres were 0.33 0.17 (range 0.16-0.84) and
plotted against simultaneously-obtained UPRQRS, scores, 0.59+ 0.22 (range 0.03-0.99), respectively, for nonreinforced
the slope of the regression line fitting the data from all trialégidity and 0.31+ 0.06 (range 0.20-0.44) and 0.330.20
was 27.4, giving a rough description of the relationship betweémmnge 0.04—0.900), respectively, for reinforced rigidity. Taking
Z scores and the UPDRS rigidity scale. However, it is evidehbth nonreinforced and reinforced rigidity into consideration,
from the plot thatZ and clinical ratings are not linearly relatednean+ SEM coefficients of variation across subjects were
(Fig. 4). In attempt to describe this relation more accurately, thel7 &= 0.06 (range 0-0.29) for UPDR&.; Scores, 0.32+
data were fitted with an exponential equation in the form 0.16 (range 0.03-0.74) for combined UPDRS,, scores,
and 0.28+ 0.08 (range 0.14-0.50) for ra® values. Coeffi-
UPDRS rating= « (1 — eb(c_Z)) . (2) cients of variation were most consistent between subjects for
UPDRS a1 SCOres.
To take into account a nonze#bfor control subjectss was set For combined rigidity scores, the maximum difference
to 0.0108 (mear¥ of control subject elbow data, without rein-in UPDRS,..1 for any subject was 1.5, comparable to the
forcement). Further, the parametewas set to 4 to reflect the maximum difference between UPDRSi Of 1.4. Combined
maximum possible UPDRS rating. The result was the following values scaled using (3) demonstrated a maximum intrasub-
equation: ject difference of 1.0. The average maximum difference in
} scores across subjects was comparable for all three measures
UPDRS ratingy,, = 4 (1 — o002 )) - () (0.63-0.73).
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Fig. 5. Correlation between and interexaminer agreement of scZladd UPDRS scores of elbow rigiditRawZ measures were converted to the UPDRS scale
using the exponential in Equation (3) and compared to UPDRS ratings. Each large data point representsthetaretard deviation of four scores of rigidity

(one from each examiner); the size of the error bars reflects the level of interrater agreement. Small data points represent the mean scodei&iceranciivers

for a subject. (a) (open circles) and UPDRS.in; (grey filled circles) measures for nonreinforced and reinforced rigidity are plotted separately. Note that there
are no measures of nonreinforced rigidity for subject GM from examiner JJ. (b) URRRScores (black filled circles) take into account both reinforced and
nonreinforced rigidity, and are plotted with combined scores for sc&léaben circles) and UPDRS,i., (grey filled circles) measures.

Test-retest reliability at the elbow, as indicated bto over-rate rigidity on the UPDRS scale when they know that
Spearman’s rank order correlation coefficients,)( was reinforcement manoeuvres are being performed.
greatest for combined rigidity scores,[ = 0.95 (raw %) In general, the observations from the measurements of
or 0.94 (UPDRQwing)l, When nonreinforced and rein- rigidity at the elbow hold for those at the wrist, although the
forced rigidity scores were pooled.( = 0.910r0.94), or picture is not as clear with the wrist data. The plot of raw
when reinforced rigidity scores were considered separaté@lues versus UPDRS:ing ratings yielded a linear regression
(rs = 0.960r0.93). Reliability was less for measures oflineé with a slope of 76.2. As with the elbow, the relation
nonreinforced rigidity ¢, = 0.78 or0.71). Test-retest reli- Petweenz and UPDRQuxing at the wrist is nonlinear and the
ability could not be estimated for the usual clinical methoBduation
(UPDRS;s1,a1) @s each examiner rated the rigidity of a single _
joint 0n|y once. UPDRS rating,rist =4 (1 — 63/(0'001_2)) (4)

It is proposed that theZ score may offer a more accurate
description of changes of rigidity with reinforcement. In Fig. 4yas fitted to the data (Fig. 6).
most of the points of reinforced rigidity (black points) lie Interexaminer agreement for clinical ratings (UPRDRS.,
above the fitted line, suggesting a tendency of the examinersd UPDRS;..1) was generally better at higher levels of wrist
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Wrist rigidity: the arm, resulting sometimes in resistance to the passive move-
Z vs. simultaneously-assigned UPDRS ratings ments imposed. Reinforcement had no effect on impedance at
5 no reinforcement the wrist in control subjects. At the elbow, impedance was seen
4 -  reinforcement v to increase by as much as 273% with reinforcement, but this
v was inconsistent; across subjects, reinforced impedance was

slightly higher but statistically insignificant than nonreinforced
impedance. Note that because negative value& obr Bw
resulted in exclusion of data, the values presented above
s“ble"‘s:S S represent the results from seven elbows (four subjects) and

®
s AV o @ x"vg seven wrists (four subjects). Data of reinforced impedance at
rating = 4(1-e¥7(©001-2) the wrist was only available from six joints (three subjects).

0.00 0.01 0.02 0.03 0.04 0.05
mechanical impedance (2) (Nem/degree) IV. DiscussION

The data presented here demonstrate that a device introduced
Fig. 6. Relationship between quantified measures and clinical ratings Gr€viously [9] provides a valid and effective means of quanti-
wrist rigidity As with the elbow, an exponential equation (inset) was fittedlying rigidity of the upper limb.
to the plot of rawZ values versus simultaneously-obtained UPRRS, ; ;
scores of rigidity at the wrist. Each symbol represents the mean of samples_ofTh? gyroscope, _us,ed to monitor angU|ar dlsplacgment O,f the
nonreinforced or reinforced rigidity from one trial. limb, is accurate within 5%. The force sensors are linear with a
frequency response that is flat over the maximum range of fre-

- guencies of passive limb movement anticipated under the con-
rigidity, whereas agreement between rdwalues appeared to ditions of clinical evaluation of rigidity

be independent of level of impedance. Coefficients of variation
of raw Z values and UPDR&;in, Scores ranged from 0.19 to
0.65 (meant SEM 0.45+ 0.10) and from 0.37 to 0.80 (0.57
+ 0.13), respectively, for nonreinforced rigidity, from 0.17 t
0.73 (0.45%+ 0.16) and from 0.08 to 0.77 (0.38 0.16), re-

spectively, for reinforced rigidity, and from 0.13 to 0.69 (0.4
+ 0.14) and from 0.11 to 0.77 (0.38 0.15), respectively, for

Results obtained from the quantification device were vali-
dated with those of another measure of stiffness on a model
arm. Trials performed using this model arm as well as clinical
Yrials on subjects with Parkinson’s disease demonstrated good
éest—retest reliability of quantified measures.

In clinical trials, Z measures corresponded well to clinical
. - e ratings of parkinsonian rigidity, both in individual trials and
icnogrgbrlgrfgeiic?rroez g;iﬁ;gl%néio(zvggfglig)m[;gg%a‘%i;?ign across the data set as a whole. The slope of the regression line
in Z during reinforcément f6r subj'ect WR i.s attributed to tw fitting Z anq UPPRS““ng dgtafrom the elbow (27.4) was clpse
things. First, examiner AP instructed a stronger reinforcem((a?otthat obtained in our previous study (22.9) [9]. Two examiners

i : P, JJ) had participated in the earlier trials, but all subjects were

manoeuvre than had the other examiners. Second, WR ass'utr%aue to the present study. In the current study, we have de-

the limb movements imposed by examiner MW for most of the

two trials, the result being that only a few data samples were tB_rmined that the relationship betwe&rand clinical ratings is
' g y P Pest described with a nonlinear equation. This is in agreement

tained from each trial. With the exception of subject WR, adreiith the observations of Weber, Fechner, and Stevens that, in

ment of rawZ scores was comparable to or better than agree- - . . .
ment between UPDRS,; ratings. general, 'percep'uon is nonlinearly related tg stlmylus magmtgde
[26]. While Fechner expressed the sensation-stimulus relation-
For combined wrist rigidity measures, the maximum difship in terms of a logarithmic function, Stevens later determined
ference in scores for a subject was comparable betwe@gt the relationship was better described by a power law, which
UPDRS,suar (1.5) andZ [scaled using (4), 1.7], and lowest forcould be applied to noxious as well as neutral stimuli [26]. We
UPDRSuing (1.0). The average maximum difference acrosghose to use an exponential equation in order to accommodate
subjects was greatest for UPDR@. (1.13), and similar for the upper limit imposed on the UPDRS scale.
between UPDR&ying (0.76) andZ (scaled, 0.92) In our previous study, it was suggested that the slope of the re-
Spearman rank order correlation coefficients betwegtessionline be used as aconversion factor with which to express
scores obtained from first and second trials at the wrist,measurementsintermsof UPDRSratings. Thoughalinearcon-
reflecting test—retest reliability, were better f&f values versionfactoris simplertounderstand and to apply, the exponen-
(74 = 0.88t00.91) than for UPDRSQ..ing Scores tialequationoffersamoreaccurate picture oftherelationbetween
(rs = 0.801t00.89). For quantified measures, coefficientsZ andthe UPDRSrigidity scale. There existsanonlinearrelation-
were equally good for nonreinforced as for reinforced arghip between stiffness and its perception: what feels twice as stiff
combined rigidity scores; coefficients for UPDRS, ratings actuallyisnot. The exponential equation expressesthe perception
were slightly lower with nonreinforced rigidity. of mechanicalimpedance betterthanalinearconversion.
Nonreinforced”Z values for control subjects ranged from Do (3) and (4) hold for all subjects? In our experience, the an-
0.0045t0 0.0216 Mm/degree (meatt SEM: 0.0108+ 0.0024) swer is a qualified yes, though in very slight subjects the clinical
for the elbow and 0.000 40 to 0.00264M/degree (0.0012% rating may be somewhat underestimated by the equations (clini-
0.00028) for the wrist. Often subjects had difficulty in relaxingians presumably take into account some estimate of a subject’s
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potential strength). Taking into consideration that the analysised and interpretation of scales [8], [30]. However, this does
procedure of the rigidity quantification device does not incorot remedy the problem of comparing results between studies.
porate a correction for limb mass, and that linearity of measure-Quantification of rigidity can help by removing the subjec-
ment has been listed as an advantage of quantification systeiveselement of the scales. In the London study above, persisting
[21] (a joint twice as stiff produces a measure with twice thiaterrater discrepancies between UPQRS,, scores obtained
magnitude), we suggest that rigidity measurements should evaneler the more controlled conditions of quantification of
tually be reported in terms of Systéme International (Sl) unit&gidity were attributed largely to individual interpretation of
rather than UPDRS ratings. In the mean time, the exponentiaé scale. In the present study, it is thought that the quantified
equations (3) and (4) provide a means whereby one may inteteasures more accurately reflected increases in rigidity with
pret, in general, the meaning of such measures with respectdéinforcement maneuvers.
the clinically intuitive UPDRS scale. It is important to note that standardization of technique is also
It was observed that measurement of mechanical impedaiesirable when a quantification device is employed, since many
of the elbow of a completely relaxed control subject without hyrariables can affect the level of muscle tone observed [1]. In the
pertonus tends to produce negative valuegofThis is likely present study, occasional large variability in measures of me-
due to the varying action of gravity on the mass of the forearehanical impedance was most likely due to actual differences
as it is rotated. Our current method of discarding any segméiitthe level of rigidity evoked. For example, examiner AP in-
of Z containing negative values of eith&r or Bw does not ac- structed subject WR to perform a reinforcement manoeuvre that
commodate for situations of low stiffness with complete relaxvas stronger than requested by the other examiners.
ation. Testing our model arm without elastic cords (i.e., no stiff- |n this paper, we have demonstrated validity and reliability of
ness; the weight of this arm was comparable to that of a humgaevice for the quantification of parkinsonian rigidity. The de-
arm) produced negative values &f ranging from—0.0018 to vice fulfills the requirements demanded by a clinical setting, that
—0.0083 Nm/degree (meas- SEM: —0.0045+ 0.00005). s, it is relatively inexpensive, time-efficient, and simple. The
This needs to be tested on human subjects showing no elggy in which this device is used more closely emulates the clin-
tromyographic activity of the muscles of the upper arm. ical examination than other methods of quantitative assessment.
In the current study, interrater agreement and test-retest reNgeasurements are sensitive to changes in impedance levels due
bility of quantified measures ofimpedance were similartothosegf reinforcement, as well as to fluctuations in rigidity which
UPDRSratings ofrigidity. The conclusion may then be drawnthgtcur spontaneously during the course of a trial and which are
these measures are redundant and that clinical evaluation algegctable by the clinician. The nonlinear relationships between
would suffice. However, it is important to keep in mind that thez and simultaneously-acquired UPDRS scores of rigidity at the
examiners involved in this study had worked together previousbibow and wrist were described using exponential equations.
andthreeofthemhadbeeninvolvedinthefirstclinicalassessmeBisause differences in technique of rigidity assessment and in-
ofthe quantification device. Some studies have reported moderiigretation of rating scales appear most evident when clinicians
to excellent interrater reliability of the rigidity component of thérom different centers are compared, a study involving a large,

UPDRS scale, but in at least two of these studies comparisefgrnational sample of clinicians would be desirable to validate
were made between examiners fromthe same center [4], [5], [25hd possibly refine these equations.

Another study evaluating the Columbia University and Webster The quantification device evaluated here is currently in use
scales involved four examiners from different centers [8]. Tha several clinical and research settings in North America and
relatively poor reliability reported was attributed not only to thgurope and the number is slowly growing. If the device achieves
inexperience of the raters, but also to differences in techniqwﬂjespread acceptance, then the choice will need to be made as
employed and interpretation of the scales. Another study evajg-whether to communicate the measures of rigidity in terms of
ating these same two scales with six neurologists from the samechanical impedance or as scores relating to the UPDRS scale.
center reported only “fair”to “moderate” interrater reliability [7], Scientifically, the former approach is preferable, but it may be
perhapsanindication of shortcomingsinthe scalesthemselveshisx the method will gain better initial acceptance if measures
any case, differences in the method of rigidity assessment is efte interpreted in terms of the familiar clinical rating scales.
source of disagreementbetweenclinicians. Expression ofZ in terms of UPDRS ratings using equations

In an unpublished clinical trial of our quantification devicesuch as those determined here may subsequently allow a gradual
at the National Hospital, Queen Square, London, U.K., fitgansition to the expression of rigidity in the standard physical
neurologists from three countries assessed rigidity at the elbgwits of the Systéme International (SI).
and wrist of seven subjects with Parkinson’s disease. Their
UPDRS ratings for a given patient differed by as much as
two points. However, their ratings subsequently collected over ACKNOWLEDGMENT
50-second trials with the device (UPDRS.g) tended to
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