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Joint dependent passive stiffness in paretic and
contralateral limbs of spastic patients with
hemiparetic stroke

J D Given, J P A Dewald, W Z Rymer

Abstract
Torque-angle relations at the elbow and
ankle joints of relaxed normal controls
and patients with hemiparetic stroke
were compared. Low velocity flexion/
hold/extension angular perturbations
were applied to the joint under examina-
tion. The resulting torque-angle profiles
described a hysteresis loop with similar
slopes during the extension and flexion
stages but separated by a vertical torque
offset. Torque-angle responses obtained
in the absence of significant muscle acti-
vation, as recorded by surface electro-
myographic activity, were designated as
passive.

Elbow passive stiffness estimates were
calculated from the slope of the torque-
angle response during the flexion stage of
the perturbation. The elbow torque-angle
plots exhibited linear passive stiffness
with magnitude significantly lower than
the passive stiffness of the ankle in both
normal subjects and spastic patients.
Changing ramp velocity had no signifi-
cant effect on the passive torque-angle
hysteresis loop at the elbow.
A comparison of the torque-angle rela-

tions between hemiparetic spastic and
normal control arms showed no signifi-
cant differences in passive stiffness.
Furthermore, no significant differences
were found between paretic and con-
tralateral upper limbs of a given hemi-
paretic subject. By contrast, significant
differences in the torque-angle hysteresis
loop were present between the paretic
and contralateral ankles in all hemi-
paretic patients tested. These differences
were more significant during dorsiflex-
ion, and therefore seem to be related to
preferential changes in mechanical prop-
erties ofplantar flexor muscles.

It is hypothesised that the differences
in the torque-angle hysteresis loop
between elbow and ankle joints are
related primarily to the larger amount of
connective tissue in the calf muscles, as
well as to a larger total physiological
cross sectional area of calf muscles com-
pared with elbow muscles.

It is fiurther hypothesised that the pref-
erential increases in passive stiffness at
the ankle in spastic legs result from
immobilisation induced changes in mus-
cle connective tissue, which are most
prominent in muscles with predomi-
nantly slow-twitch fibres (such as soleus).

Connective tissue surrounding such slow
twitch muscle fibres have been shown to
be more sensitive to immobilisation than
those in fast twitch muscle. The func-
tional, pathophysiological, and clinical
implications ofour findings are reviewed.

(J Neurol Neurosurg Psychiatry 1995;59:271-279)
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Increases in stiffness of the spastic limb are
generally attributed to spasticity, which is, in
turn, related to abnormal stretch reflex behav-
iour.' The increased resistance perceived by
the clinician could, however, also be produced
by changes in the underlying mechanical
properties of muscle and tendon.23 The total
mechanical resistance to an externally
imposed change in joint angle is the result of
the combined contributions of passive tissues
and active contractile properties of the mus-
cle-tendon complex, so that the presence of
increased stiffness cannot be automatically
attributed to an enhanced stretch reflex.4-7 It
follows that accurate quantification of spastic-
ity requires that passive mechanical properties
of muscle and tendon be estimated first.
Passive stiffness properties can be derived
from measured torque-angle responses
obtained in the absence of significant muscle
activation (as judged from electromyographic
(EMG) recordings). The present study was
designed to characterise and compare passive
stiffness of the elbow and ankle joints in nor-
mal subjects and spastic patients, using quan-
titative mechanical measures with concurrent
EMG recordings. Portions of this work have
appeared in abstract form.8 9

Methods
SUBJECTS
The subject pool consisted of 10 spastic
patients with hemiparetic stroke and 10 nor-
mal volunteers. The selection criteria used for
the hemiparetic spastic patients were; (a)
paresis confined to one side; (b) presence of
abnormal muscle tone; (c) presence of normal
passive range of motion in the impaired ankle
or elbow; (d) absence of severe cognitive or
affective dysfimction; (e) absence of severe
concurrent medical problems; (t) capacity to
provide informed consent.

Subjects were examined by a licensed phys-
ical therapist to verify their admissibility to the
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study. Muscle tone was evaluated with the
modified Ashworth scale from 0-5, where 0
signifies normal tone and 5 indicates severe
spasticity.'0 The range of motion (ROM) was
measured for elbow flexion and extension
with a goniometer. Our hemiparetic experi-
mental group of 10 patients (eight men, two
women) ranged in age from 34 to 72 (mean
52(SD 11)) with Ashworth scores from 2 to 4.
All subjects provided informed consent in
writing before participating in this study,
which was reviewed and approved by the
Institutional Review Board of Northwestern
University.

EXPERIMENTAL PROTOCOL
A slow ramp position perturbation protocol
was applied to the joint in question (ankle or
elbow) to assess the passive mechanical prop-
erties of the joint.

In our studies of the elbow, the subject was
tightly strapped into a specially designed chair
with the shoulder abducted 850 and held in a
mid-flexion/extension position. The elbow
rested in a shallow cup above the axis of rota-
tion of the motor. The wrist, hand, and lower
forearm were casted with the forearm held in
a mid-prosupinated position, and the cast was
then attached with a U bolt to a lightweight
beam coupled to the motor. Angular position
of the joint was measured by a potentiometer
and velocity by a tachometer, each mounted
on the motor shaft. Torque was measured by a
torque transducer mounted between the
motor shaft and the beam. Electromyographic
activity (EMEG) in the biceps brachii,
brachioradialis, and lateral triceps brachii
muscles was recorded using Medtronic
Ag/AgCl surface electrodes (CLEARTRACE
LT 1710-003).
The subject's arm was positioned at about

1200 of elbow extension (1800 is designated
as full extension). The arm was moved
through a flexion arc of one radian (57.30) at a
constant angular velocity, followed by a three
to five second hold and then returned with the
same stretch velocity to the initial starting
position.
A similar protocol was used for the ankle.

The subject lay in the lateral position with the
knee and pelvis stabilised with restraining
straps and firm bolsters. The foot was casted
to a platform coupled to the motor. The centre
of rotation of the ankle was lined up with the
axis of rotation of the motor. EMGs were
recorded over the anterior tibialis, soleus, and
the medial and lateral gastrocnemius muscles.
The foot was placed initially at about 300
plantar flexion and then moved through an
arc of 300 in dorsiflexion at a constant veloc-
ity, followed by a hold phase. It was then
returned with the same stretch velocity to the
starting position. The knee was kept at a 300
flexion angle.

For all trials, the subject was instructed to
relax completely and not to intervene. The
subject's relaxed state was verified by moni-
toring relevant EMGs. The angular range and
velocity were varied for each subject to allow
measurement of joint torque under passive
conditions.

DATA ANALYSIS
A constant velocity protocol was used so that
the measured torque response of the limb
would be independent of limb inertia, once a

steady state in velocity was achieved.
Furthermore, if there is constant stiffness and
viscosity over the angular range, a plot of
torque v position should produce a straight
line response (this was usually the case at the
elbow; see results). The slope of this line can
then be calculated readily, and provides an
estimate of joint stiffness K. This stiffness is a
measure of the amount of resistance to
changes in position, and would contribute to
the clinical perception of resistance at a joint.

For reliable identification and estimation of
joint passive stiffness, stiffness measures must
be repeatable and not vary with time over the
course of the recordings. This invariance was
confirmed by analysis of the stationarity of the
experimental data. (Stationarity, which is a
measure of time dependent variation in sys-
tem response, was evaluated by comparing
torque values at the midpoint and end of
stretch across sequential trials). No significant
trends were found. Estimation of passive stiff-
ness measures was restricted to the constant
velocity portion of the positional perturbation,
where the torque-angle response was roughly
linear (see previous paragraph). For the elbow
joint, the average passive stiffness was esti-
mated from the slope of the torque-angle
curve covering the angular range from around
105-1100 to 65-700. A least squares linear
regression was used to estimate the slope
(passive stiffness) of the torque-angle hysteresis
loop during the flexion stage of the position
perturbation protocol. Linear regression
analysis was not done for the ankle joint as the
torque-angle curves exhibited curvilinear
behaviour and therefore a straight line
approximation of passive stiffness over the con-
stant velocity range of stretch was inappropriate.

Figure 1 shows a representative example of
the elbow torque-angle responses of the
affected limb in a relaxed hemiparetic patient,
with corresponding EMG, for two different
ramp velocities (0.1 radians/s and 0.33 radi-
ans/s). A ramp stretch velocity of 0.33 radi-
ans/s was sufficient to evoke a stretch reflex
response in the affected upper limb, as indi-
cated by torque and EMG responses in fig 1.
At the slower ramp stretch velocity, no stretch
reflex was initiated, as can also been seen in
fig 1. At these ramp stretch velocities, the
effects of limb inertia were small and brief,
and did not contaminate the measured torque
response during the constant velocity region.
To eliminate trials with non-quiescent

EMG activity from further analysis, we used a
95% confidence interval (95% CI) derived
from the resting baseline EMG measures. The
identified quiescent trials were subsequently
used to characterise the subject's passive
torque-angle hysteresis loop. Ensemble mean
values (mean value calculated across trials for
each point in time) and associated 95% CIs
were then calculated for both torque and recti-
fied EMGs. The mean torque and EMG
responses were plotted v angular position for
a given velocity.
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Figure 1 Torque and
EMG measuredfrom the
relaxed impaired upper
extremity of the most
spastic patient at 6 and 20
degreesls. Note the absence
of stretch reflex response at
the affected side at the
lower velocity and a clear
stretch reflex onset at the
higher velocity which can
be appreciated in both
EMG and torque-angle
profiles.
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Mass of elbow muscles was estimated (indi-
rectly) in our normal control group by mea-
suring the maximum circumference of the
relaxed upper arm between elbow and shoul-
der with the elbow at a 900 flexion angle. We
assume that the circumference, which is a
measure of cross sectional area, is directly
related to net muscle mass.
A non-parametric rank order correlation

analysis, equivalent to Pearson's correlation
coefficient, was used to measure the degree of
association between limb circumference and
the passive stiffness response. Spearman's
rank correlation coefficient (p) was chosen
since the circumference measure provided
rank ordering of muscle bulk between sub-
jects. Ranking of the passive stiffness relations
of the normal control group was then straight-
forward. An advantage of non-parametric
rank order correlation analysis is that a linear
relation need not be assumed.

Results
We compared torque-angle responses and
stiffness estimates for spastic-paretic and con-
tralateral limbs in patients with hemiparetic
stroke and in the limbs of normal controls.
The torque-angle response for each limb was
consistent and showed very little trial to trial
variability for subjects drawn from either the
normal control or hemiparetic stroke groups
(fig 2). Figure 2 (top) is the mean passive
torque-angle response (in black), with the cor-
responding 95% CI (shaded grey area) for the

right elbow of a normal subject. Figure 2
(bottom) is the mean passive torque-angle
response for the affected ankle of a patient.

TORQUE-ANGLE RELATIONS IN UPPER LIMBS OF
SPASTIC PATIENTS AND NORMAL SUBJECTS
Torque-angle response data at the elbow were
collected from a normal control group (n= 10)
and the affected upper limb of 10 patients
with hemiparetic stroke. The angular range
between 110-105° and 70-65' was used to
calculate passive stiffness estimates during the
flexion stage. The non-linear behaviour of the
torque response below 700, seen in some
hemiparetic patients (and also in normal con-
trols) was due to the forearm physically coming
into contact with the upper arm and subse-
quent compression of muscle mass. Although
inter-trial variability for a subject's elbow was

small, significant differences in elbow torque-
angle responses were identified between sub-
jects within each subpopulation (control and
hemiparetic). As a consequence, the average
normal response could not be described by a
single torque-angle response but was better
described by a range of normal response
curves.
An intergroup comparison of torque-angle

relations between control limbs (dominant or

non-dominant, n= 10) and impaired upper
limbs of patients with hemiparetic stroke
(n= 10) was performed to determine whether
there was a higher mean joint passive stiffness
within the stroke group. Figure 3 plots a

representative group of torque-angle relations
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LEFT AND RIGHT COMPARISON OF ELBOW

TORQUE-ANGLE RESPONSES IN THE SAME

SUBJECT
As described, passive stiffness estimates from
the affected arms of the hemiparetic stroke
population (n=10) fell within the estimated
normal range. Given the wide range of normal
responses, however, significant within-subject
(affected v contralateral elbow) differences
were still possible. Therefore, a within subject
comparison of upper limbs was performed
with a random subpopulation of five subjects
from the normal control group and five of the
10 patients with hemiparetic stroke. The
ensemble mean average torques of both arms
were compared at each sampled angular posi-
tion for the presence of significant differences
in torque. A level of significance of 0.05 was
used. The error bounds at each sampled point
were ±0.025-0.040 N-m, which corresponds
to 1-3% of the peak to peak torque range. No
statistically significant intrasubject differences
were found between upper limbs of either
population.

Figure 2 Variability of torque-angle responses for the elbow of a normal control subject
(top) and the ankle of a stroke patient (bottom). As can be appreciated by the narrow

confidence bandwidth, the data provided reliable and consistent passive torque-angle
responses for a given individual and ramp velocity. The angular range and least-squares
estimation of the passive stiffness response for the stroke patient are shown.

from the affected elbows of the hemiparetic
stroke population together with a shaded area

which delineates the range of elbow passive
stiffness responses in the normal control
group. It is clear that the passive stiffness
magnitudes in hemiparetic stroke fell well
within the normal range. The passive joint
stiffness of both test populations ranged from
0.008 to 0.036 Newton-meters (N-m)/degree
(fig 3).

CORRELATION OF TORQUE-ANGLE RESPONSES
WITH MUSCLE MASS IN THE UPPER EXTREMITY
To explain the between subject variability of
the elbow passive stiffness response, a correla-
tion analysis, based on Spearman's correlation
coefficient p (see data analysis), was per-
formed which compared upper limb muscle
mass against the measured torque-angle
response. We used limb circumference as a
rough estimate of cross sectional limb diame-
ter, and indirectly of muscle mass. This cir-
cumference was used to rank the subjects'
muscle mass from smallest to greatest,
whereas a similar ranking was derived for pas-
sive stiffness from values calculated from the
passive torque-angle responses of the normal
control group. A significant positive rank
order Spearman correlation coefficient (p =

0.82, significant at the 0.01 level) was found
between circumference and estimated elbow
passive stiffness response in the normal con-
trol group. Figure 4 shows the mean torque-
angle relations, ranked according to the
passive stiffness estimates of three subjects.
These subjects were chosen to reflect differ-
ences in limb circumference (and presumably
in muscle mass). For this phase of the study,
the number of normal control subjects was
nine (one subject did not provide relaxed
responses).

In summary, the estimated elbow passive
stiffness responses of the hemiparetic stroke
population were within normal limits.
Furthermore, there was no significant intra-
subject (left/right) variability for either the
control or stroke populations and intertrial
variability was small and consistent for both
groups. This was not the case for the ankle,
however, as will be discussed next.

LEFT AND RIGHT DIFFERENCES IN TORQUE-
ANGLE RELATIONS AT THE ELBOW AND ANKLE

JOINTS
To investigate potential differences in passive
stiffness at different joints within the same
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Figure 3 Passive stiffness
responses from five
representative examples of
the hemiparetic stroke
population along with the
normal range of estimated
passive stiffness profiles.
Note thatfor the range of
motion tested, all spastic
upper limbs remain within
the normal range.

3

2

z

0

0

Normal passive
torque range

100 90

L
80

Joint angle (degrees)

subject, we compared left/right torque-angle
relations at the elbow and ankle joints of the
same subject. The observed torque hysteresis
loops displayed consistently greater slopes and
vertical torque offsets at the ankle.

Furthermore, significant differences in passive
stiffness were routinely seen between
impaired and contralateral ankles of hemi-
paretic patients.
The passive torque-angle relation for a nor-

Figure 4 Passive torque-
angle responses as a
function of muscle bulk for
a subset of three normal
control subjects. As the arm
circumference increases so
does the passive stiffness
response.
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Figure 5 (A) Comparison of the passive torque-angle hysteresis loops of the ankle v elbow
for a normal control subject. The significantly higher passive stiffness at the ankle is
striking. (B) Passive torque-angle hysteresis loops in the impaired v unimpaired ankle of a
moderately spastic patient. Note the significant increases in passive stiffness at the spastic
ankle relative to the contralateral side.

Figure 6 Elbow mean
passive torque-angle
response (in black) and
corresponding 95%
confidence interval (shaded
area) for a range of
angular velocities (0.1 to
0.5 radiansls). Note that
all of the estimated passive
torque-angle responses fell
within the shaded area.

mal control subject describes a hysteresis loop
(fig 5A). The figure illustrates the rapid rise in
torque during ankle dorsiflexion, as opposed
to that at the elbow. Although the actual
torque-angle responses differed substantially
in the normal population, the absence of sig-
nificant left and right variation was common
to both joints.

Similar right-left comparisons of torque-
angle relations were made at the ankle for a
subset of the hemiparetic test population
(n=3). Significant differences in torque-angle
relations were found between the impaired
and contralateral ankles. Figure 5B shows an

example of paired torque-angle profiles of the
impaired and contralateral ankle joints for a
hemiparetic patient. Differences between the
impaired and contralateral ankle torque-
angles profiles were quantified from peak
torque values. For the dorsiflexed ankle posi-
tion (<900), significant increases in peak
torque (>40%) were found in the impaired
limb (relative to the contralateral limb) for all
three patients. In the plantar flexed position,
peak torque differences were less than 4%.
These results indicate that there were prefer-
ential changes in the plantar flexors compared
with the ankle dorsiflexors.

EFFECT OF MOTION VELOCITY ON TORQUE-
ANGLE RELATIONS IN NORMAL AND
HEMIPARETIC UPPER LIMBS
Changes in ramp velocity did not have a sig-
nificant effect on passive torque-angle rela-
tions recorded at the elbow, at least over the
range of velocities used (0.1-1.5 radians/s).
This conclusion is based on data analysis with
a subset of normal controls and hemiparetic
patients (n=4, n=3 respectively). The passive
torque-angle relation described a hysteresis
loop, which exhibited constant peak to peak
torques and constant vertical offsets, indepen-
dent of ramp stretch velocity (fig 6). Passive
torque-angle responses, compared at each
sampled angular position, were not signifi-
cantly different (at the 0.05 level) across dif-
ferent velocities.
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Discussion
This study presents three findings. The first,
which is perhaps predictable, is that passive
stiffness at the ankle is higher than at the
elbow in all normal and spastic hemiparetic
patients tested. The second is that ankle joints
in spastic limbs showed higher stiffnesses than
contralateral joints in the same patients. By
contrast, no differences in passive stiffness
were recorded between affected and contralat-
eral elbow joints of hemiparetic patients. The
third is that there was no significant effect of
stretch velocity on the elbow passive torque-
angle relations. In the following discussion,
we relate these differences in torque-angle
responses to known or predictable differences
in muscle and joint properties at the ankle and
elbow joints.

JOINT DEPENDENT PASSIVE STIFFNESS IN

NORMAL SUBJECTS
Passive stiffness was found to be significantly
higher at the ankle than at the elbow. This can
be explained largely by the higher relative
amount of intramuscular connective tissue in
ankle muscles." Specifically, the total quan-
tity of interstitial connective tissue (including
epimysium, perimysium,'2-'4 and endomy-
sium" is significantly higher in slow tonic
muscles (such as soleus and parts of gastroc-
nemius muscles) than in fast muscle (such as

the rectus femoris muscle). Because ankle
plantar flexors especially have a high percent-
age of slow twitch muscle fibres, compared
with elbow muscles, this could explain the dif-
ferences in passive stiffness between the two
joints.

Another factor contributing to the greater
passive stiffness at the ankle could be the
differences in cross sectional area of the ankle
plantar flexors compared with either the
elbow flexor or extensor muscles." Estimates
of cross sectional area of muscles acting at the
ankle'6 17 and those acting at the elbow'8
showed significantly larger areas at the ankle.
The cross sectional area of ankle plantar flexors
is roughly 8.5 times that of the elbow flexors
and 9.5 times that of the elbow extensors.
Even the total area of ankle dorsiflexors is
roughly twice that of either elbow flexors or

extensors. The greater cross sectional area of
the ankle muscles is presumably associated
with greater absolute amounts of intramuscular
connective tissue, and may well be an added
mechanism for higher stiffnesses in these
ankle muscles." Our own findings support
this possibility, in that those with more muscle
mass showed significant increases in passive
stiffness about the joint (fig 4).

ABSENCE OF VELOCITY EFFECTS ON PASSIVE
TORQUE-ANGLE RESPONSES
As described in the introduction, torque-angle
responses recorded without concurrent volun-
tary or reflex muscle activation were consid-
ered to be passive. Under these conditions, no
significant differences in torque-angle
responses were seen at the elbow over the
specified range of ramp velocities. The finding
that passive torque-angle responses were

invariant with increasing velocity was consis-
tent for both the normal and hemiparetic test
populations. It must be noted, however, that
the range of ramp velocities differed between
normal subjects and patients with hemiparetic
stroke. In normal subjects, the full range of
available ramp velocities was applied as even
the fastest ramp velocity failed to elicit stretch
reflex responses in the relaxed normal subject.
In the case of patients with hemiparetic
stroke, a reduced range of velocities was used
to avoid activation of the stretch reflex. This
varied from patient to patient depending on
the patient's level of spasticity.

Peak torques were not significantly greater
for a fivefold increase in velocity, there was no
increase in slope of the torque-angle relation
and no change in hysteresis loop area.
Therefore, the system response cannot be
described by a simple viscoelastic model,
which would be expected to show increasing
vertical separation of the extension and flex-
ion components of the torque angle responses
with increasing velocity. Because our torque-
angle relations were recorded under passive
conditions, it would be fair to assume that
intramuscular connective tissue is primarily
responsible for the observed hysteresis loop.
Such strain related changes are well described
in a variety of connective tissues, including,
for example, the tendon and cruciate liga-
ment,'9 the cervix,20 and in passive cardiac
muscle.2'
Our finding of velocity insensitivity is there-

fore consistent with Fung22 who states that for
connective tissues, which are the presumptive
source of our observed torque angle relations,
"the hysteresis loop is almost independent of
the strain rate within several decades of the
rate variation". Strain rate is the rate of
change of length over the initial length which is
equivalent to the velocity of stretch nor-
malised by muscle resting length. In the case
where the hysteresis loop is insensitive to
velocity, Fung further states that the hystere-
sis is due to internal friction, although the ori-
gins of this friction are not fully identified.

In the present study, the torque differences
recorded in stretch and release are thus likely
to be a result of strain induced changes in the
internal organisation of the tissue, such as the
collagen and elastic matrix of the muscle con-
nective tissue.2

ALTERATIONS OF PASSIVE STIFFNESS IN
SPASTIC PATIENTS
We found significant increases in passive stiff-
ness at the ankle on the impaired side of our
hemiparetic stroke population, but not at the
impaired elbow joint. A possible explanation
for the discrepancy between the two joints
may again be related to differences in immo-
bilisation response for the different muscle
fibre types found in the various muscles acting
at the two joints. For example, slow twitch
postural muscles at the ankle joint in rats,
especially the soleus muscle, have been found
to be very sensitive to immobilisation by sev-
eral investigators.2s26 Their studies showed
that intramuscular connective tissue increased
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more rapidly in the immobilised soleus than
in the gastrocnemius muscle, which is com-
posed primarily of fast twitch fibres.
Furthermore, these increases in connective
tissue were more prevalent when the muscle
was kept in a shortened position.26 Similar
findings were also reported by Williams and
Goldspink27 who showed that passive length-
tension curves obtained after immobilisation
of the rat's soleus muscle in a shortened posi-
tion showed significant increases in passive
stiffness which were absent when the muscle
was immobilised in a lengthened position.

If rat leg muscles are an appropriate model
for human leg muscles, then the alterations in
passive stiffness at the human ankle could be
explained by the differential sensitivity of
soleus and gastrocnemius muscles to immo-
bilisation of active muscle in a shortened posi-
tion. The presence of spasticity (manifested
by hyperexcitable stretch reflexes) would fur-
ther facilitate a shortened muscle position and
promote greater pathological changes at the
joint.

EARLIER STUDIES ON PASSIVE JOINT STIFFNESS
IN PATHOLGOICAL STATES
Increases in passive stiffness at the ankle joint
have been reported in spastic patients by sev-
eral investigators3-7 28 and therefore do match
our current results. Studies considering pas-
sive stiffness in pathological conditions at the
elbow are much more scarce. Increases in pas-
sive stiffness at the elbow have been reported in
five of 11 patients with Parkinson's disease
studied by Watts et al,29 although these investi-
gators used a different experimental protocol,
limiting possible comparisons with our data.

In cases where there are significant reduc-
tions in the passive range of motion at the
elbow (a common finding in tetraplegic
patients), passive elbow stiffness has been
found to increase significantly.2 The differ-
ence (compared with the hemiparetic popula-
tion) might be related to different muscle
usage patterns or to the application of more
intense physical therapy to the upper extremity
of our stroke population. All our hemiparetic
patients had a normal range of motion com-
pared with the contralateral side of both the
elbow and ankle joints.

FUNCTIONAL IMPLICATIONS OF CURRENT
RESULTS
The clinical implications of the animal studies
reported earlier are that slow muscles, such as
the soleus, are perhaps more sensitive to
immobilisation than mixed or fast muscles. It
follows that such slow muscles should be kept
at more elongated positions to reduce the rate
of connective tissue growth in cases of disuse
such as occur after stroke or spinal cord
injury. Clinical interventions, such as frequent
elongation of the calf muscles or in extreme
cases casting of the ankle joint in a dorsiflexed
position, should be considered to reduce the
rate of pathological changes of the muscle.

Measurement of passive stiffness also has
important implications for the quantification
of muscle tone abnormalities such as spastic-

ity, which follow injury to the CNS.
Mechanical estimates of abnormal stretch
reflex activation should take account of the
passive stiffness component which reflects
alteration in the muscle's histological make
up. Passive stiffness should be subtracted
from the mechanical response when quantify-
ing stretch reflex variables such as reflex
threshold and gain (stretch reflex stiffness).
The finding that passive stiffness is indepen-
dent of ramp stretch velocity is an important
one, as this permits stiffness estimates
recorded at low velocities to be used to char-
acterise passive stiffness at higher velocities. A
characterisation of stretch reflex behaviour
using this approach will permit the analysis of
gain v threshold changes in reflex behaviour
as a function of velocity (see Given et aP0).
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Samuel Jones Gee (1839-1911) and stereotypic
movements caused by apomorphia

Hughlings Jackson provides an interesting and possibly
the first account of what we would now regard as a
dopamine driven stereotypy. He refers,' without the full
reference, to Lauder Brunton's work on:

"the representation of the systemic sensori-motor
processes concerned in vomiting in centres so high as
the corpus striatum and optic thalamus."
.. . when any irritation exists in the right cerebral
hemisphere it will occasion vomiting more readily
than irritation in the left cerebral hemisphere, and
according to Budge, this is actually the case"
(Lauder Brunton, Practitioner, December 1874). Dr
Brunton refers to an experiment by Gee on a dog
(Clinical Society Transactions 1860). Gee injected a
large dose of apomorphia (2 grains*) into a dog. The
dog vomited, and in two or three minutes began to
course round the room in which the experiment was
performed in a curiously persistent methodical man-
ner. Brunton (op cit) says: "This effect of apomor-
phia points to an action of the drug on the nervous
centres, and is all the more interesting when we
remember that Budge placed the cerebral centre for
the stomach in the right thalamus opticus."
This paper2 of Samuel Gee is dated by Legg as 1869.

Jackson uses this experiment to illuminate the periph-
eral differences, chiefly of the autonomic nervous sys-
tem in determining representation in the highest
centres; he does not comment on the stereotypy so
plainly portrayed. Gee was almost certainly the first to
take the drug himself, initially doubting its emetic
properties.3

Samuel Jones Gee was one of the great scholar-
physicians of the 19th century. His father, a business-
man had marked literary tastes, frequented the British
Museum, and was prone to pilgrimages to
"Cromwellian holy places". Gee attended University
College School. He obtained gold medals in every sub-
ject in his medical studies at University College
Hospital. Legg3 deemed his medical knowledge "ency-
clopaedic", his learning "prodigious". He became assis-
tant physician to St Bartholomew's Hospital in 1866
working in the skin, anatomy, and pathological
anatomy departments. His lectures were "impressive,
clear, well thought out", but he was inclined to archaic
expression. His aphorisms became well known to
students, who mimicked his mannerisms, but probably

stimulated his writing Medical Lectures and Aphorisms.
He was determined in his opposition to specialisation.
Legg reports that often he knew more of the rare skin
diseases than the expert members of the
Dermatological Society. He had a reputation for his
skill in children's illnesses, but resisted attempts to
make him a children's specialist.
A highly principled man of few words he none the

less held strong views. Classicist, philosopher, and stu-
dent of literature, he had a curious distaste for "practical
men"; and politicians, he abhorred. He opposed the
College of Physicians giving a license to practice to
women.

His writings included many chapters in standard
texts: on scarlet fever, diphtheria, and pleurisy. His
Gulstonian (sic) lectures were On the Heat of the body,
March 1871. Gee's Auscultation and Percussion: together
with other methods of physical examination of the chest,
London, James Walton 1870, ran to a sixth edition,
1908. Medical Lectures and Aphorisms, 1902 ran to a
fourth edition, 1915.

Neurological papers included: the shape of the head;
spastic paraplegia; motor ataxia due to injury to the
back; a case of conjugate deviation of the eyes; brass-
founder's palsy; head shaking; and hereditary infantile
spastic paraplegia.
He is often remembered for his description of infantile

coeliac disease (Gee-Herter or Gee-Thaysen disease),
though this was clearly depicted by Aretaeus the
Cappadocian in the second century AD.
Gee was appointed physician to the Prince ofWales in

1901, and retired in 1904. In 1911 he died suddenly of a
coronary occlusion, confirmed at his request by post-
mortem examination.
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*2 grains = 120 mg.
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