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Abstract
Objectives—Increased resistance to
stretch of muscles after stroke may be the
result of centrally mediated neural factors
such as spasticity or local, peripheral fac-
tors such as muscle contracture or thixot-
ropy. The aim was to investigate evidence
for an abnormal thixotropic response and
compare this with two other factors—
contracture and spasticity—which could
potentially contribute to muscle stiVness
after stroke.
Methods—Thirty patients with stroke
whose calf muscles were assessed clini-
cally as stiV and 10 neurologically normal
subjects were recruited. To measure thix-
otropy, their calf muscles were stretched
through two cycles after two prestretch
conditions: one in which the muscles were
maintained in a shortened position and
one in which they were maintained in a
lengthened position. Spasticity was de-
fined as the presence of tonic stretch
reflexes in relaxed muscles. Contracture
was defined as being present when maxi-
mum passive ankle dorsiflexion fell at
least 2 SD below the mean value of the
control subjects.
Results—Both controls and patients with
stroke exhibited a thixotropic response
but this was no greater in the patients than
the controls. About one third of the
patients displayed muscle contracture and
most exhibited spasticity. Contracture
made a significant contribution (p=0.006)
to the clinical measure of calf muscle stiV-
ness while spasticity made a significant
contribution (p=0.004) to the laboratory
measure of calf muscle stiVness.
Conclusions—Measuring thixotropy at
the level of joint movement was suY-
ciently sensitive to determine the thixo-
tropic response in both neurologically
normal subjects and patients impaired
after stroke. The thixotropic response was
not higher than normal after stroke,
suggesting that whereas thixotropy may
produce enough immediate resistance to
impede movement in those who are very
weak, it is not a substantial contributor to
long term muscle stiVness. Contracture
did significantly contribute to muscle
stiVness, supporting the importance of
prevention of contracture after stroke.
Spasticity contributed to muscle stiVness
only when the limb was moved quickly.
(J Neurol Neurosurg Psychiatry 2000;69:34–39)
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Increased resistance to stretch—that is, stiV-
ness, of the calf muscles after stroke—interferes
with the function of the ankle joint.1 2 For
example, stiV calf muscles may impede the
performance of ankle dorsiflexion during the
first phase of standing up and during the late
stance phase in walking. Theoretically, in-
creased resistance to passive movement can
result from neural factors such as spasticity, or
peripheral factors such as changes in the
mechanical properties of the muscles (for
example, as a result of muscle contracture).3

Increased resistance to passive movement
after stroke is possibly a result of another phe-
nomenon in muscle called “thixotropy”. The
term thixotropy has been applied to substances
which can be changed from gel to solution after
being stirred. Muscle behaves as a thixotropic
substance in that its stiVness depends on the
history of limb movement.4 For example, Lakie
and Robson5 found that when stretch was
applied to a relaxed muscle which had been
maintained in a shortened position, the initial
resistance was high, but if the muscle had been
in a lengthened position the initial resistance
was lower. Clinically, patients with stroke often
display an increased resistance to passive
movement when the paralysed limb has been
sustained for a time with some muscles in a
shortened position. After the paralysed muscles
have been stretched, the resistance to move-
ment decreases and the muscles become
“looser”. This clinical behaviour may be the
result of an exaggerated thixotropic response as
the thixotropic response in normal muscles is
too small to notice.6

The aim of this study was to investigate fac-
tors contributing to muscle stiVness after
stroke. Patients with stroke with stiV calf mus-
cles were investigated to determine whether
they displayed an abnormally high thixotropic
response compared with able bodied subjects.
Two other possible contributing factors—
contracture and spasticity—were also exam-
ined.

Methods
SUBJECTS

Thirty patients with stroke were recruited to
this study. They comprised 12 right and 18 left
hemiplegic patients who were between 2 weeks
and 5 years after their first stroke, with a mean
age of 68 (SD 9) years. Patients were included
if their calf muscles felt clinically stiV, had a
score of increased muscle tone>2 on the Ash-
worth scale,7 and had suYcient cognitive ability
to participate in the procedures. They were
excluded if they had sensory problems,
musculoskeletal problems interfering with
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ankle joint movement, or any other neurologi-
cal conditions. Ten neurologically normal sub-
jects, mean age 59 (SD 8) years, acted as con-
trols. The experimental procedures were
approved by the relevant hospital and univer-
sity ethics committees and informed consent
was obtained before data collection com-
menced.

MEASUREMENT OF THIXOTROPY

To allow a thixotropic response to develop, the
calf muscles were held in two diVerent
prestretch conditions for 5 minutes each: hold-
short and hold-long. In the hold-short condi-
tion, the calf muscles were held in 10° plantar-
flexion, whereas in the hold-long condition, the
calf muscles were held in 10° dorsiflexion. Calf
muscles were stretched through two cycles
after each prestretch condition.

Subjects were positioned in long sitting, with
their leg and foot placed in a foot frame and
secured by straps to prevent movement in the
frame (fig 1). The frame employed in this study
consisted of two rectangular perspex plates,
one stationary and the other movable, articu-
lated at a uniaxial hinge joint which contained
a potentiometer calibrated to measure ankle
displacement. A load cell was installed between
the moveable plate and the handle to measure
the force required to move the foot into dorsi-
flexion. The distance of the force to the axis
was constant and the applied torque at the
ankle was calculated as the product of the
applied force and this distance. To check that
the calf muscles were relaxed during the test,
EMG was carried out using surface electrodes
over the medial gastrocnemius muscle.

After 5 minutes in each prestretch condition,
the ankle joint was stretched slowly backwards
and forwards twice, between 10° dorsiflexion
and 10° plantarflexion, at a velocity of
2°/s—that is, it took 40 seconds to complete the
two stretching cycles. This very slow velocity
minimised the likelihood of reflex activity

influencing the torque signal. Ankle angle was
displayed on line as feedback so that the exam-
iner could move the ankle joint smoothly
within the specified range. Both ankle angle
and torque signals were low pass filtered
(digital, zero phase, 8th order Butterworth) at 1
Hz. It is important to ensure that there is no
neural activity around the joint when measur-
ing thixotropy. A passive response is character-
ised by a smooth response. The ankle angle
signal from each trial was double diVerenti-
ated. The trial was discarded if (a) there was an
initial acceleration causing a high torque
artefact or (b) there was a sudden acceleration
as a result of voluntary activation of the
muscles around the ankle joint. The torque
angle curve of each stretching cycle was then
analysed.

Three variables were quantified—the shoul-
der, volume, and torque of each torque angle
curve to fully describe the history dependent
changes to the calf muscles under the diVerent
conditions (fig 2). The shoulder represents the
initial resistance to the stretch and was visually
identified for each stretch cycle and its
corresponding torque value recorded. The vol-
ume of the torque angle curve represents its
area of hysteresis. The torque at 10° dorsiflex-
ion represents a general measure of overall
stiVness. The magnitude of the thixotropic
response was then quantified as the response of
these three variables across stretching cycles as
well as between stretching conditions. Thx-1
was defined as the diVerence in these variables
between the 1st and the 2nd cycle of the hold-
short condition—that is, it represents the short
term thixotropic response. Thx-2 was defined
as the diVerence in these variables between the
1st cycle of the hold-short and hold-long
conditions—that is, it represents the thixo-
tropic response after a longer period of stretch-
ing, in this case 5 minutes.

MEASUREMENT OF CONTRACTURE

To investigate contracture, subjects were asked
to relax their calf muscles while the examiner
slowly dorsiflexed their ankle joint by pushing
the movable plate of the foot frame until the

Figure 1—Diagram of the equipment used for measuring and recording of the EMG, ankle
angle, and torque signals. The foot was positioned so that the lateral malleolus was aligned
with the axis of rotation of the foot frame containing the potentiometer. The ankle joint
could be rotated through diVerent ranges at diVerent speeds to measure thixotropy,
contracture, and spasticity of the calf muscles.

Load cell
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Electrodes

Figure 2 A torque angle curve of the first cycle of
stretching after the hold-short condition from a patient with
stroke. Dotted arrows indicate direction of stretch. The three
variables used to describe the thixotropic
response—shoulder, volume, and peak torque—are
indicated.
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heel just lifted oV the movable plate. The lifting
oV of the heel constituted the operational defi-
nition of maximum passive ankle dorsiflexion.
This definition was based on the fact that the
calf muscles insert onto the posterior surface of
the calcaneus via the Achilles tendon so they
are most likely to significantly limit ankle dor-
siflexion up to the point of heel lift oV, with any
further dorsiflexion probably coming from the
movement of the forefoot on the talus. The
EMG recording was displayed on line to check
that the subject stayed relaxed. The ankle angle
at heel lift oV was then identified and recorded
as maximum passive ankle dorsiflexion.

MEASUREMENT OF SPASTICITY

To investigate spasticity, the magnitude of
abnormal reflex activity was measured. Sub-
jects were asked to relax while the calf muscles
were stretched sinusoidally. The examiner
moved the foot backwards and forwards in the
foot frame over a 20° range between 10°
plantarflexion and 10° dorsiflexion at 2 Hz for
30 seconds. The ankle angle was displayed
online for feedback about displacement and a
metronome was used for feedback about
timing so that the examiner could accurately
stretch the calf muscles within the specified
range and frequency. The EMG was rectified
and high pass filtered (digital, zero phase, 8th
order Butterworth) at 80 Hz to remove any
high frequency interference or movement arte-
fact, then low pass filtered (digital, zero phase,
8th order Butterworth) at 4 Hz to obtain the
IEMG signal.

The angle and IEMG were subjected to
cross correlational and spectral analysis. This
analysis allows activity at the stretching fre-
quency (2 Hz) to be distinguished from activity
unrelated to the stretch. Muscle activity that
was time locked to the stretch with a phase lead
was considered to be reflex in nature as it is not
possible to voluntarily produce this pattern.8

The presence of this pattern of muscle activity
was regarded as evidence of the existence of
spasticity. The magnitude of spasticity is the
amount of this reflex activity presented in µV/°
(see Ada et al9 for more detail of this
procedure).

MEASUREMENT OF STIFFNESS

StiVness of the calf muscles was determined in
two ways. Firstly, it was assessed clinically
using the Ashworth scale. Secondly, it was
quantified from the resistance measured via the
load cell during the sinusoidal stretching
procedure. Angle and torque were subjected to

cross correlational and spectral analysis which
allowed the resistance oVered by the calf mus-
cles at the stretching frequency (2 Hz) and
stretching range (10° plantarflexion to 10° dor-
siflexion) to be identified. The magnitude of
stiVness measured in the laboratory is the angle
torque relation at this frequency and range
presented in Nm/°.

STATISTICAL ANALYSES

For the measurement of thixotropy, each
torque angle curve yielded three variables:
shoulder, volume, and torque for two measures
of thixotropy, Thx-1 and Thx-2. One way
analyses of variance (ANOVAs) were used to
compare the diVerence in these six variables
between the patients with stroke and controls
to ascertain whether stroke subjects exhibited
an abnormal thixotropic response.

The measurement of maximum passive
ankle dorsiflexion of the control subjects was
normally distributed and therefore used to
define the angle at which it was considered that
patients with stroke had a contracture. To
determine whether thixotropy, contracture, or
spasticity were diVerentially contributing to
calf muscle stiVness after stroke, multiple
regression was used. A standard multiple
regression was performed to analyse the
contribution of the shoulder of Thx-2, maxi-
mum passive ankle dorsiflexion and reflex
activity to calf muscle stiVness, measured both
as Ashworth scale scores and as the torque
angle relation during sinusoidal stretching.
Thx-2 was used because this condition in-
volved holding the calf muscles in a lengthened
position for 5 minutes and would therefore be
expected to produce the greatest thixotropic
response.

Results
THIXOTROPY

The control subjects exhibited both a short
term (Thx-1) and a long term (Thx-2)
thixotropic response in their relaxed calf
muscles (table). When Thx-1 was analysed,
—that is, the diVerence between the 1st and the
2nd cycles of the hold-short condition—the 1st
cycle showed significantly greater responses
than that of the 2nd cycle in all three variables:
shoulder (F1,9=20.2, p=0.002), volume
(F1,9=28.4, p<0.001), and torque (F1,9=5.7,
p=0.04). There were also significant diVer-
ences in the shoulder (F1,9=22.1, p=0.001),
volume (F1,9=36.8, p<0.001), and the torque
(F1,9=26.2, p<0.001) of the torque angle
curves for Thx-2—that is, the diVerence

Thixotropic response for all subjects

Subject Condition
Shoulder
(Nm)

Volume
(Nm/°)

Peak torque
(Nm) Thixotrophy

Shoulder
(Nm)

Volume
(Nm/°) Peak (Nm)

Control 1st cycle hold-short 1.11 (0.58) 0.59 (0.21) 7.48 (2.00)
2nd cycle hold-short 0.15 (0.33) 0.43 (0.14) 7.07 (1.68) Thx-1 0.96 (0.67) 0.16 (0.10) 0.40 (0.53)
1st cycle hold-long 0.14 (0.25) 0.27 (0.11) 5.72 (1.65) Thx-2 0.97 (0.65) 0.32 (0.17) 1.76 (1.09)

All stroke 1st cycle hold-short 0.63 (0.52) 0.53 (0.15) 7.88 (2.12)
2nd cycle hold-short 0.09 (0.24) 0.36 (0.10) 7.35 (2.16) Thx-1 0.54 (0.50) 0.17 (0.10) 0.53 (0.52)
1st cycle hold-long 0.07 (0.19) 0.30 (0.09) 5.59 (1.54) Thx-2 0.56 (0.48) 0.23 (0.14) 2.29 (1.32)

Stroke with contracture 1st cycle hold-short 0.64 (0.52) 0.55 (0.21) 9.02 (2.04)
2nd cycle hold-short 0.05 (0.17) 0.35 (0.11) 8.26 (2.24) Thx-1 0.59 (0.56) 0.20 (0.13) 0.40 (0.16)
1st cycle nold-long 0.00 (0.00) 0.32 (0.10) 6.30 (1.72) Thx-2 0.64 (0.52) 0.23 (0.20) 2.72 (1.71)

Values are mean (SD).
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between the 1st cycle of the hold-short and that
of the hold-long conditions. In other words,
after holding the relaxed muscle in a shortened
position, there was a greater resistance to
movement compared with that after holding
the muscle in a lengthened position whether
the lengthened position represented just one
cycle of stretching or 5 minutes of stretching.

Patients with stroke also exhibited both a
short term (Thx-1) and a long term (Thx-2)
thixotropic response in their relaxed calf
muscles (table). When Thx-1 was analysed, the
1st cycle showed significantly greater responses
than that of the 2nd cycle in all three variables:
the shoulder (F1,29=34.9, p<0.001), volume
(F1,29=80, p<0.001), and torque
(F1,29=31.2, p<0.001). There were also sig-
nificant diVerences in the shoulder
(F1,29=40.5, p<0.001), volume (F1,29=76,
p<0.001) and the torque (F1,29=91.2,
p<0.001) of the torque angle curves for Thx-2.

When the magnitude of both thixotropic
responses, Thx-1 and Thx-2 were compared
between the patients with stroke and control
subjects (table), there were no significant
diVerences in two of the variables: the volume
(F1,38=0.01, p=0.92 for Thx-1 and
F1,38=2.86, p=0.10 for Thx-2) and the torque
(F1,38=0.44, p=0.51 for Thx-1 and
F1,38=1.34, p=0.25 for Thx-2) between both
groups (fig 3 A and B). Only the diVerence in
the change of the shoulder of the torque angle
curve was significantly diVerent between the
patients with stroke and control subjects
(F1,38=4.29, p=0.05 for Thx-1 and
F1,38=4.54, p=0.04 for Thx-2). However, the
change in the shoulder of the torque angle
curve in the controls was greater than that in
patients with stroke (0.96 (SD 0.67) Nm v

0.54 (SD 0.50) Nm for Thx-1 and 0.97 (SD
0.65) Nm v 0.56 (SD 0.48) Nm for Thx-2)
illustrating a greater thixotropic response
normally.

CONTRACTURE

Patients with stroke in this study displayed sig-
nificantly less maximum passive ankle dorsi-
flexion (9.2 (SD 3.1)°) compared with control
subjects (15.3 (SD 3.5)°) (F1,38=26.9,
p<0.001). For this study, patients who dis-
played a maximum passive ankle dorsiflexion
value of less than 2 SD from the mean value of
the control subjects were considered as having
a calf muscle contracture. According to this
definition, 11 of the 30 patients had
contracture—that is, their maximum passive
ankle dorsiflexion was less than 8.26°, and 19
patients had no contracture.

SPASTICITY

When the relaxed gastrocnemius was
stretched, none of the control subjects exhib-
ited reflex activity—that is, they were not spas-
tic. By contrast, 25 of the 30 patients exhibited
spasticity (83%). However, the magnitude of
the reflex activity was small (0.20 (SD 0.21)
µV/°).

CONTRIBUTION OF THIXOTROPY, CONTRACTURE,
AND SPASTICITY TO CALF MUSCLE STIFFNESS

A standard multiple regression was performed
to analyse the contribution of shoulder from
Thx-2, maximum passive ankle dorsiflexion
and reflex activity to calf muscle stiVness,
measured both as Ashworth scale scores and as
the torque angle relation during sinusoidal
stretching. The results of the first analysis
showed that only the variable maximum

Figure 3 Mean torque angle curves of (a) the first cycle of stretching after the hold-short condition (solid line), (b) the
second cycle of stretching after the hold-short condition (dashed line), and (c) the first cycle of stretching after the hold-long
condition (dotted line), in control (left graph) compared with patients with stroke (right graph). The diVerence in the
shoulder, volume, and torque of the first and second torque angle curves represents the short term thixotropic response
(Thx-1) whereas the diVerence in the shoulder, volume, and torque of the first and third torque angle curves represents the
long term thixotropic response (Thx-2).
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passive ankle dorsiflexion contributed signifi-
cantly (F1,26=8.9, p=0.006) to calf muscle
stiVness as quantified by the Ashworth scale
scores, accounting for 25% of the variance.
The results of the second analysis showed that
only the variable reflex activity contributed sig-
nificantly (F1,26=10.0, p=0.004) to calf mus-
cle stiVness as quantified by the torque angle
relation during sinusoidal stretching, account-
ing for 27% of the variance.

Discussion
The aim of this study was to investigate
evidence of an abnormal thixotropic response,
and other possible factors contributing to stiV-
ness, in patients with stroke whose calf muscles
felt clinically stiV. The thixotropic response of
normal subjects was examined and used as a
reference for comparison with patients. Thixot-
ropy was measured at the level of joint
movement in this study. Although this does not
allow for elaboration of underlying mecha-
nisms such as those put forward by Hill10 and
Campbell and Lakie,11 the application of slow
displacements to the ankle joint and measure-
ment of the resultant torque after two diVerent
prestretch conditions was found to be suY-
ciently sensitive to detect the thixotropic
response. Neurologically normal subjects ex-
hibited both a short term and long term thixo-
tropic response. That is, three variables of the
torque angle curve analysed—the shoulder
(initial resistance), volume and torque—were
significantly greater in the 1st cycle of the
hold-short condition compared with that in the
2nd cycle of the same condition as well as the
1st cycle of the hold-long condition.

A thixotropic response was also found in the
relaxed calf muscles of patients with stroke.
This finding was in line with previous studies
that thixotropy appeared in pathological condi-
tions such as in the fingers of children with cer-
ebral palsy12 and in the knee joint of a tetraple-
gic patient.13 The patients with stroke did not
seem to exhibit an abnormally high response
compared with the controls. Changes in two of
the three variables were not significantly diVer-
ent between normal subjects and patients. Only
the change in the shoulder of the torque angle
curve was significantly diVerent. It is important
to note, however, that the thixotropic response
was greater in the controls than the patients
with stroke, the opposite of what would be
expected if the patients with stroke had an
abnormally high thixotropic response. Of
course, the very slow time course of the stretch
of the calf muscles may have underestimated
the thixotropic response, which may be larger if
the muscle is either left for longer to develop
thixotropy or stretched faster after having
developed thixotropy. Even though the patients
with stroke did not seem to exhibit an
abnormal thixotropic response, the presence of
thixotropy may oVer suYcient resistance that
patients with stroke who are very weak may not
be able to initiate movement after a period of
immobility—for example, weak wrist extensors
may not be able to overcome the thixotropic
resistance of wrist flexors which have been
resting in a shortened position for some time.

Furthermore, the finding that the patients with
stroke exhibited a short term thixotropic
response—that is, a reduction in stiVness after
only one passive stretching cycle—implies that
stretching muscles for a few seconds, per-
formed by the patients themselves or a
therapist, can reduce resistance to movement.

About one third of patients with stroke
showed muscle contracture whereas most
exhibited spasticity in their calf muscles.
Multiple regression analysis disclosed that
spasticity was making a significant contribution
to the stiVness of the calf muscles when
assessed in the laboratory. This finding is in
line with a previous study which has shown that
spasticity can contribute to calf muscle stiVness
when measured as the torque angle relation
during sinusoidal stretching9 and is consistent
with Lance’s definition of spasticity which
implies that hyperreflexia can contribute to an
increased resistance to movement.14 On the
other hand, multiple regression analysis
showed that contracture was the only variable
making a significant contribution to the
stiVness of the calf muscles when assessed
clinically. This finding is in line with a previous
study which has suggested that the increased
resistance to passive movement was not
dependent on the presence of spasticity, and
that contracture alone can play an important
part in contributing to stiVness after stroke.15

The findings presented here support the
conclusions from previous studies that the
Ashworth scale cannot identify the cause of
resistance16 17 because it measures both the
neural and peripheral contributions without
diVerentiating their individual contributions.
The diVerent results of the two analyses may be
the result of the diVerence in speed of
movement during the two tests of calf muscle
stiVness. During grading using the Ashworth
scale, the ankle is moved relatively slowly. As
the reflex activity is velocity dependent, this
movement may be too slow to excite abnormal
reflex activity whereas movement during the
sinusoidal stretching was much faster. Previ-
ously we have shown very little reflex activity
present in the calf muscles of patients with
stroke when stretching was applied at 0.5 Hz
compared with 2 Hz as in the present study.9

Therefore, when the Ashworth scale is used as
a measure of spasticity, it can overestimate
spasticity because it assumes that any increase
in resistance felt is the result of abnormal reflex
activity. However, in this group of patients with
stroke, the small amount of spasticity in the calf
muscles made only a minor contribution to the
increased resistance recorded as Ashworth
scores ranging from 2 to 4, compared with
contracture. It is important, therefore, that the
Ashworth scale is used as a clinical measure of
stiVness (or hypertonia) rather than of spastic-
ity. The Tardieu scale may be better at identify-
ing a neural component to stiVness because the
test involves moving the limb at diVerent
velocities and comparing the diVerence in the
response. The Tardieu scale has been little
known because it was originally published only
in French18 but Boyd et al have recently had the
scale translated into English.19
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The question of an interaction between the
two peripheral factors, thixotropy and contrac-
ture, was investigated. A post hoc test was
applied to investigate the magnitude of the
thixotropic response in the patients with stroke
who had contracture. However, when both
short term and long term thixotropic responses
were examined, patients with stroke with
contracture had no greater response in any
aspect of their torque angle curves than those
without contracture. This suggests that the
thixotropic response is not made substantially
worse by the presence of contracture.

In conclusion, this study investigated three
possible factors, thixotropy, contracture, and
spasticity, which could contribute to passive
stiVness of the ankle joint in patients with
stroke who were assessed as clinically stiV. It
was found that the patients with stroke
exhibited thixotropy, but that it was no greater
than normal. The finding that contracture sig-
nificantly increased the resistance of the ankle
joint to passive movement when stretched at
speeds used in the clinic adds to the growing
body of evidence that suggests that peripheral
factors are important contributors to muscle
stiVness.1 2 20–23 This finding also supports
previous suggestions that the need to prevent
muscle contracture after stroke is vital.15 24 25 As
contracture is much easier to prevent than to
treat,26 paralysed muscles should not be left in
a shortened range during prolonged periods of
immobility after stroke.
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