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Elastic properties of muscles measured at the elbow in
man: II. Patients with Parkinsonian rigidity
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SUMMARY A method is described to measure reproducibly stiffness, and therefore "tone", at the
elbow of patients with Parkinson's disease using a torque motor. In Parkinsonian versus normal
patients (previously reported) it was observed that: (1) the neutral angle in Parkinson's disease
patients was significantly smaller (92° + 150) than in normals (1070 + 100), and (2) in Parkinson's
disease patients, even with relatively mild symptoms, the upper limb was stiffer than normals in the
totally relaxed state with no electromyographic activity present. Our results suggest that changes in
the passive mechanical properties of the upper limb affected by Parkinsonian rigidity may have
taken place, accounting for the more flexed neutral elbow angle and greater passive stiffness. Using
this technique, response to antirigidity therapy and natural progression of illness can be quan-
titatively assessed and followed.

Parkinsonian rigidity is relatively easily recognised
but not well understood. In its purest form, it is a
hallmark of Parkinson's disease, but "cogwheel" or
"plastic" rigidity may be seen in other neurological
illnesses as well. We undertook the present study with
two major goals: (1) to develop a simple,
reproducible, quantitative measure of "stiffness", and
therefore "tone" (or resistance to passive stretch) in
the upper extremity of Parkinsonian patients, and (2)
to assess the role that possible changes in passive elas-
tic properties in the upper limb affected by the symp-
toms of parkinsonism may play in the perceived state
of pathologically increased "tone".

Clinicians generally use a scale of 1 + (mild) to 4 +
(very severe) or a descriptive rating of mild, moderate,
or severe to characterise rigidity. These scales are
somewhat variable from examiner to examiner, may
not be as reproducible as one would like, and are rel-
atively insensitive, particularly near the lower end of
the range (that is, 1 + or mild). As Schwab noted,' "it
is exceedingly difficult to obtain by routine clinical
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examination a specific value for rigidity at a given
time for comparison with rigidity in the same joint at
another time-a requisite for evaluating precisely the
effect of an antirigidity medication or of phys-
iotherapy directed against the rigidity."
Webster24 developed a method which uses the net

work required to passively flex and extend a patient's
forearm through a 1000 arc at a constant velocity by
a servomotor as a measure of rigidity. This work
value is obtained by integrating the resistance torque
over a complete cycle of flexion and extension. How-
ever, in so doing the work performed against the pas-
sive elastic load of muscles and connective tissues is
subtracted out, thus leaving only the work done by
patterned electromyographic discharges of the mus-
cles. Hence, the technique evaluates only the "active"
component of hypertonicity. In Lakie, Walsh and
Wright's recent study of muscle tone in man utilising
the resonant frequency of the wrist as a measure of
stiffness,5 they state that "elevations of resonant fre-
quency (and therefore stiffness) have been observed in
patients who are spastic following a stroke or who
have Parkinson's disease" but report no further data.
Others have developed methods for studying the vis-
coelastic properties of human limbs6 -9 but none has
attempted to answer the question of what role
changes in passive elastic properties may play in Par-
kinsonian rigidity.
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Table 1 Clinicalfeatures of Parkinson's disease patients studied. Scale: + = only by history (very infrequent); 1 + = mild;
2+ = moderate; 3 + = severe; 4 + = very severe.

Patient Sex Age Stage Duration of Rigidity Tremor Bradykinesia Postural Therapy
(yr) (Hoehn & Yahr) PD (yr) imbalance

I F 66 III 10 1+ 1+ 1+ 1+ Sinemet 25/250 3 tabs/d
2 M 71 II 1 1-2+ + I + 0 Sinemet 25/100 4 tabs/d
3 F 56 1 2 1 + I + 1+ 0 Artane 3 mg QID

(R side) (R side) (R side)
4 F 61 1I1 3 1 + + I + 2+ Sinemet 25/100 8 tabs/d
5 F 75 III 10 1 + 0 1-2+ 1-2+ Sinemet 25/250 6 tabs/d;

Bromocriptine 2 5 mg TID
6 M 53 III 7 1 + I + 1+ 1+ Sinemet 25/250 35 tabs/d

(R side) (R side)
7 M 61 I11 2 1 + + 1 + 2+ Sinemet 25/250 3 tabs/d
8 F 57 III 11 1+ + I+ I+ Sinemet 10/100 8 tabs/d
9 F 68 if 4 1 + I + 1+ 0 Sinemet 25/250 3 tabs/d
10 F 63 11I 7 1 + 1+ 1+ 1+ Sinemet 25/100 4 tabs/d;

Artane 2 mg TID
11 M 58 III 8 2+ 2+ 2+ 1 + Sinemet 25/250 6 tabs/d;

Bromocriptine 5 mg TID

Methods

Eleven patients with known Parkinson's disease completed
the study after having been selected according to the follow-
ing criteria: (1) mild rigidity in the right upper extremity
(RUE), (2) lack of tremor in the RUE, and (3) mental
competence and ability to voluntarily relax during the
experiment. All but one of the patients were taking
carbidopa/levodopa (Sinemet); one took trihexiphenidyl
(Artane). Two took bromocriptine as well. There were four
males and seven females, with a mean age of 62 years (range
53 to 75). All patients were examined by us prior to quan-
titative testing, and tone in the RUE was assessed clinically
on a scale of 1 + (mild) to 4 + (very severe). The amount of
time elapsed since the last dose of carbidopa/levodopa and
other drugs was recorded. Each patient was staged accord-
ing to the Hoehn and Yahr scale,10 (see table 1).

Stiffness in the RUE was measured quantitatively for each
patient as described in our previous report. 1l Triceps (and at
times biceps, brachioradialis, or anconeous) EMG activity
was monitored with surface electrodes. An additional two
patients had been selected for the study but were excluded
because of persistent EMG activity. The volume of the arm
was estimated by modelling it as a cylinder. The circum-
ference of the arm at three equidistant points between the
shoulder and the elbow was measured, as was the length of
the arm from the acromion to the lateral epicondyle of the
humerus. After averaging the circumferences, the volume of
the arm was calculated.

Results

The measured compliance (°/Nm) and stiffness
(Nm/radian) for each patient are shown in table 2,
along with calculated arm volumes. Also represented
are clinical assessments of tone at the time of quan-
titative testing. At the bottom of the table are
summed results from the Parkinson's disease patients
and from normals for comparison (see the preceding
report, ref 1 1).
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Fig I Angle-torque datafrom Subject 3 (open circles) and
Subject 7 (filled circles). Datafrom Subject 3 are essentially
linear over a range of ± 30°from neutral position, as were
datafrom control subjects. Datafrom Subject 7 were
obtained over a more limited range ofelbow angle because of
increased stiffness.

Figure 1 demonstrates that when torque is plotted
against angular displacement, the relationship is lin-
ear over a range of up to + 300 from the neutral angle,
as in normal subjects. The slope of such a plot gives a
single number which represents the stiffness for those
conditions.

In Parkinsonian versus normal subjects, we
observed that: (1) the neutral angle in Parkinson's dis-
ease patients was significantly smaller (92° ± 150,
p < 0 02, Mann-Whitney test) than in normals (107°
+ 100), and (2) in Parkinson's disease patients, even
with relatively mild symptoms, the RUE was stiffer
(range of compliance 14 to 110°/Nm, mean
40 + 30 SD) than normals (range of compliance 32 to
145°/Nm, mean 72 + 34 SD) in the totally relaxed
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Elastic properties of muscles measured at the elbow in man: II. Patients with Parkinsonian rigidity
Table 2 Results obtainedfrom 11 individual Parkinson's disease patients. Mean values + S.D.for Parkinson's disease
patients are compared to those ofnormal subjects ( Wiegner and Watts,"1) at the bottom

Patient Time since last Clinical tone at Calculated arm Stiffness Compliance Neutral
meds (h) time of testing volume (cm3) (Nm/rad) (deg/Nm) angle (deg)

1 2 0-1+ 1940 08 72 88
2 3-75 1+ 2470 1.1 53 102
3 5 (Artane only) 0-1 + 1450 0 52 110 114
4 3 1 + 2980 1 4 40 102
5 3 1+ 2020 1 5 37 96
6 1-33 1-2+ 2550 1 9 30 96
7 4 1-2+ 2370 2-7 21 90
8 2 75 1 + 1910 3-4 17 60
9 5 1 + 1650 2 1 27 107
10 0-5 1 + 2240 4-1 14 76
11 25 1-2+ 2650 41 14 84
Summary of Mean + SD Mean + SD Mean + SD Mean + SD

Parkinson's 2200 + 460 2-1 + 1-3 40 + 30 92 + 15
disease subjects Range Range
(N = 11) 052 - 4-1 14-110

Summary of Mean + SD Mean + SD Mean + SD Mean + SD
normal subjects 2010 + 540 10 + 0-4 72 + 34 107 + 10
(N = 19) Range Range

0-41-8 32-145

o Parkinsons disease
o Female
* Male © i

©
.
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a Fig 3 Plot ofquantitative elbow stiffness versus upper arm
volumefor normal controls (0 or 0 not enclosed in circle)
and Parkinson's disease subjects (0 or 0 enclosed in circle).
The two lines represent 95% confidence limitsfor normal
subjects. The majority ofParkinson's disease subjectsfall

I I | | well outside the normal range.
2v 1

Clinical tone
Fig 2 Relation between clinical assessment oftone at the
elbow at the time ofquantitative testing and elbow
compliance correctedfor arm volume in subjects with
Parkinson's disease.

state with no electromyographic or voluntary activity
present. Hence, this is a measure of passive stiffness,
as best as we can determine. Figure 2 demonstrates
that our quantitative measure of compliance (multi-

plied by upper arm volume in order to reduce scatter)
was correlated with clinical assessment of tone, but it
also shows the inaccuracy of such a clinical rating
scale near the lower end of the range (that is, I +). Six
patients were rated as having I + rigidity, but there
were fairly marked differences in their values of RUE
compliance. Figure 3 shows that there was some cor-
relation between stiffness and upper arm volume in
Parkinson's disease patients, but it was much less
striking than the correlation seen in normals. It is
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notable that seven of 11 Parkinson's disease patients
clearly fall outside the "normal" range of stiffness
corrected for upper arm volume.

Discussion

We have described a method for reproducibly mea-
suring stiffness, and therefore tone, with a single num-
ber in the upper extremity of patients with
Parkinson's disease. It is relatively simple given the
proper equipment, and takes only about 30 minutes
to complete. We applied it primarily in the passive
state, but it can be used just as easily to measure
stiffness in an upper limb with activated muscles
(either voluntarily or by pathological processes). It
may be used as an objective measure of tone to moni-
tor therapy, as in drug trials or in the evaluation of
response to physiotherapy, and would complement
existing electrophysiological tests of tremor and
timed performance tests which objectify bra-
dykinesia. One can also follow the course of rigidity
over time in an individual patient.
Our measurements of stiffness of muscles acting

about the elbow in the relaxed, passive upper limb
support the hypothesis that passive mechanical
changes in the muscles or connective tissues may have
taken place. The values of stiffness were higher in Par-
kinson's disease patients and the positive correlation
with upper arm volume was less striking than in nor-
mals. It is of interest that the stiffness values (cor-
rected for upper arm volume) of four of the patients
fell within the "normal" range as determined in the
preceding report'" (fig 3). A review of tables l and 2
reveals that these four patients (1-4) were in general
the least affected clinically, and patients 2-4 had
symptoms of only 1, 2 and 3 years duration,
respectively. The exception concerning duration of ill-
ness was Patient 1, who despite having symptoms for
10 years had shown remarkably little progression of
disease. Even though each of these patients was felt to
have some degree of rigidity clinically, all four were
rated at 1 + which was the lowest value assignable.
These observations are of potential patho-
physiological importance in that duration and sever-
ity of "active" symptoms may be related to the
development of changes in the passive mechanical
properties of the limbs.

Stiffness was not correlated with age in normal
subjects" or in the patient group, nor was residual
stiffness (after correction for arm volume) correlated
with age. There was no gender-dependent difference
in stiffness after the correction for arm volume,
although this could be stated with more confidence if
the subjec' population had been much larger. Ordi-
nary differences in adipose tissue/muscle mass ratios
(which were not measured) do not appear to have
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played a role, with the possible exception of patient 4.
Patient 4 had a large amount of subcutaneous adipose
tissue in the upper limb studied, and this caused her
data point to be shifted far to the right in fig 3. Her
limb stiffness was, in fact, greater than any of the nor-
mal female subjects. In her case, correction of esti-
mated arm volume by a triceps skinfold technique
would have improved the accuracy of her assessment;
we would recommend such a correction in future
work.
Most previous studies of Parkinsonian rigi-

dity12 - l have dealt with the pathophysiology of
only the neurally-mediated aspects of rigidity, with
the exception of the work of Dietz, Berger and col-
leagues. 16- 18 In their electro-physiological studies of
gait in spastic and rigid patients, they were led by
their results to conclude that changes occurring in the
passive mechanical properties of the lower limbs,
"and not in the muscle activity itself, must be mainly
responsible for the increased tone in both groups of

"16patients."
The finding that the neutral angle is reduced in Par-

kinson's disease patients as compared to normals is
consistent with the observed clinical fact that Parkin-
sonian patients tend to maintain their limbs and
trunk in a flexed position. This occurs even in the
relaxed, passive state and indeed our quantitative
measurements confirm this. This would seem to imply
that muscle and/or connective tissues in the limb have
undergone some change which produces a new set of
length-tension curves in the agonist and antagonist
muscles acting about the elbow joint, causing a new
neutral position. 19 - 20
The cause of such changes in passive mechanical

properties is unknown, but potential sources would
include decreased use secondary to bradykinesia or
perhaps prolonged activity related to neurally-
mediated rigidity which is more pronounced in flexors
than extensors. This could then give rise to increased
stiffness in the flexors, which could explain the present
findings. Dietz et al16 supposed that changes in the
muscle fibres themselves and not the connective tissue
are responsible for the muscle hypertonia based on
their observations after altering the temperature sur-
rounding the leg muscles. We have not performed
measurements of stiffness after cooling the upper limb
muscles in Parkinson's disease patients, hence we can-
not support or refute their argument. More detailed
anatomical and ultrastructural studies of the soft tis-
sues of rigid and spastic limbs are needed to further
answer this question.

Additional physiological studies, ideally in ana-
esthetised Parkinson's disease patients treated with
neuromuscular blocking agents in preparation for
surgery, are needed to elucidate further the roles
played by changes in passive mechanical properties
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Elastic properties of muscles measured at the elbow in man: II. Patients with Parkinsonian rigidity

and neurally-mediated active processes in the pro-
duction of Parkinsonian rigidity.
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