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Biomechanical changes at the ankle joint after

stroke

A F Thilmann, S J Fellows, H F Ross

Abstract

The resistance of the relaxed ankle to
slow displacement over the joint
movement range was measured on both
sides of a group of hemiparetic stroke
patients, in whom spasticity had been
established for at least one year and who
showed no clinical signs of contractures.
The ankle joints of the age-matched nor-
mal subjects were flexible over most of
the movement range, showing
dramatically increasing stiffness only
when the foot was dorsiflexed beyond 70°,
with a neutral range between 90-110°,
and a less dramatic increase in stiffness
during plantarflexion. Hemiparetic
patients showed identical curves to the
normal subjects on the ‘“healthy” side,
ipsilateral to the causative cerebral
lesion, but were significantly stiffer in
dorsiflexion on the contralateral side,
without change in the minimum stiffness
range or during plantarflexion.
Therefore significant changes in passive
biomechanical properties occur at the
affected ankle of hemiparetic subjects,
predominantly as the result of a loss of
compliance in the Achilles tendon, alth-
ough an increase in the passive stiffness
of the triceps surae may also occur. The
contribution of these changes to the
locomoter disability of hemiparetic
patients is discussed.

One of the major disabilities associated with
spasticity in humans is muscle hypertonia
which, to a varying degree, can hinder or even
prevent voluntary movements. Classically,
hypertonia is caused by a velocity dependent
increase in stretch reflex mechanisms.! In
recent years, however, evidence has shown
that spastic hypertonia cannot invariably be
explained by stretch reflex activity. It has
been observed? that during the swing phase of
gait, the tibialis anterior (TA) muscle shows
abnormally high levels of activity, despite the
lack of any EMG activity in its antagonist, the
triceps surae (TS) muscle. This was inter-
preted as evidence of pathological changes in
mechanical muscle fibre properties in the TS
which led to increased resistance to dorsiflex-
ing movements. An increase in the proportion
of type I fibres in the TS, due to type II fibre
atrophy has been observed in paretic muscle,’
but while this is likely to affect the active
mechanical properties of the muscle, no dif-
ference in the passive properties of the TS

would be expected and thus the origin of the
reduced flexibility of the ankle joint remains
unclear.

It has also been reported* that subjects in
whom spasticity had been present for a con-
siderable time show enhanced stiffness at the
ankle in the absence of reflex activity. This
result was complicated by the presence of
mild to moderate contractures in the majority
of the subjects involved in the study, and the
wide range of causes from which the spasticity
arose. Recently it has been shown that in
hemiparetic subjects with no clinical evidence
of contracture, enhanced muscle tone in the
elbow musculature is always associated with
pathological stretch reflex activity.’ Given the
wide differences in reflex function between
the upper-and lower limbs it is possible that
the mechanisms of muscle hypertonia might
also differ between the two. Accordingly, this
study was carriéd out to establish if alterations
in passive biomechanical properties do occur
at the ankle in subjects with no clinical
evidence of contracture and with spasticity
arising from a well defined cause (unilateral
cerebral ischaemic lesion).

The findings show that significantly greater
stiffness is seen during dorsiflexion in the
ankle contralateral to the lesion in hemiparetic
subjects. The functional significance of these
changes, however, is difficult to interpret: in a
normal population wearing shoes, it is
estimated®’ that between 30-70% show some
anatomical abnormalities of the foot which,
while leading to no functional problems and
requiring no treatment beyond the use of
insoles,® are often associated with reduced
flexibility at the ankle. Such subjects are
easily identified clinically, and when the pas-
sive resistance of the ankle was measured in
such a group it was found that they show
significantly greater passive resistance at the
ankle to imposed dorsiflexion than does the
affected side of the hemiparetic subjects. Part
of these results has been reported briefly else-
where.’

Methods

Subjects

This study was performed on 15 hemiparetic
human subjects, mean age 47-7 years, (SE)
3-9, who had suffered a unilateral ischaemic
cerebral lesion in the area of the right or left
middle cerebral artery at least one year before
the experiments took place. None . of the
patients was receiving anti-spasticity medica-
tion, but all were having regular physio-
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Figure 1 Experimental
set-up. See text for
explanation.

therapy at least once a week. Full clinical
details are given in the table. In addition, two
groups of normal subjects were studied. One
group, of ten subjects, mean age 44-2 years,
(SE) 3-6, showed no history of neurological or
orthopaedic problems. The other group of
five subjects, while being in all other respects
normal, were orthopaedically assessed as hav-
ing abnormal feet, without associated func-
tional problems. Such abnormalities which
may arise from a variety of anatomical causes
(such as pes equinus, pes planus, pes plano-
valgus etc), have been estimated to occur in up
to 70% of the population.” These subjects will
be referred to as the “‘stiff” normal group.
The “stiff” normal group had normal gait
patterns, experienced no pain, engaged in
sport and were not generally overweight.
Aside from orthopaedic considerations, the
only clear visible difference between them and
the flexible normal group was that the “stiff
normal subjects were all unable to squat on
their heels, although all the flexible normal
subjects could do so without trouble.

All subjects gave their informed consent to
the procedures, which had been approved by
the local ethical committee.

Procedures
The experimental set-up is shown in fig 1.
The subjects were seated in a heavy, stable
chair and the leg to be tested was placed in the
equipment. With the knee flexed (105°), the
foot was fixed in a cast, where the position
could be altered relative to a bearing mounted
stirrup, so that the anatomical axis of the
ankle was aligned with the axis of rotation of
the bearings. This was assessed by the lack of
palpable movement in the tibia during slow,
small amplitude, sinusoidal displacement of
the ankle. The knee joint was then also fixed
in place. A rigid connecting rod linked the
stirrup to another set of bearings, which could
be moved by means of a lever. Manual rota-
tion could then be made over the entire
movement range of the ankle. These
movements were not motorised as it was con-
sidered that the experimenter could assess
more easily the limits of movement for a given
subject and thus avoid discomfort or injury
that might arise from the use of a stereotyped,
computer generated movement. The torque
generated in resistance to the applied dis-
placement was monitored by a piezo-element
(Kistler, 9311a) mounted in series with the
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connecting rod. Position was indicated by a
potentiometer (Megatron, MCP40) mounted
at the axis of rotation of the ankle. Surface
EMG recordings were made from the TS and
TA muscles and after amplification and filter-
ing (bandwidth 10 Hz-1 kHz) through a cus-
tom-built EMG amplifier, were passed, along
with torque and position records, to the FM
channels of a tape recorder (Racal Store7D).
The EMG was also rectified and passed, with
force and position records, to the ADC boards
of a laboratory computer (DEC, PDP 11/73),
which sampled each channel at 100 Hz and
stored the data on disc for later analysis.

At the start of an experimental sequence the
ankle was placed in the so-called neutral posi-
tion. This was defined as a 90° angle between
the anterior margin of the tibia and the sole of
the foot. Force and position records were
zeroed at this point. The experimenter then
applied a series of five slow linear ramp
movements with a stretch velocity of 5-8
deg s, each movement going first into dorsi-
flexion, then back to the limit of plantarflex-
ion, returning finally to the neutral position
(around 75 seconds per movement cycle).
During the entire procedure the subjects were
asked to remain relaxed and not to interfere
with the applied movements. We confirmed
that these instructions were complied with by
monitoring the EMG records. A typical
sequence of movements is shown in fig 2. It
can be seen that the experimenter was able to
apply regular and reproducible ramp stret-
ches. One movement cycle is defined by the
two cursors on the position record. The
velocity curve was constructed from the posi-
tion record by the computer.

Analysis

After the completion of an experimental
sequence, and having eliminated any
movement cycles containing EMG activity, the
position and torque records were processed for
each movement cycle to yield the stiffness of
the ankle over the range of movement. This was
done by dividing the range of movement into 5°
bins. All the data points falling within a bin
were then used to fit the force as a straight line
function of position. The slope of this line thus
provided the stiffness of the joint for the points
in each bin. Flexing and extending movements
were processed separately: the results quoted in
this study came from the first full flexing
movement between 130° and 60°.

Differences in stiffness between the side
ipsilateral and that contralateral to the cerebral
lesion were then assessed for corresponding
movements using a two-tailed, paired z test.
Differences between the hemiparetic subjects
and the two groups of neurologically normal
subjects were assessed using variance analysis.

Results

Analysis of the data in the fully normal group
revealed a characteristic, rather flat-bottomed,
U-shaped curve of stiffness over the movement
range (fig 3).
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Figure 2 A typical movement sequence showing, from the bottom up, the position of the 0 * . { eu d
ankle joint, the velocity of the applied stretch, TS EMG and TA EMG. Note that the 50 60 70 8 80 100 110 120 130 140

applied displacements were highly linear and very slow. Single movement cycles were
subsequently selected for further analysis (a single cycle is marked by the vertical cursors
on the position trace).

Foot angle (deg)

Figure4 Mean ( SE) stiffnesses over the movement
) . . range of the ankle for both sides of the hemiparetic
It is apparent that this group shows little subjects (n = 15). Ipsi and contralateral are in reference

passive resistance over a wide part of the (o the affected cerbral hemisphere.

movement range, with a minimum resistance

between 90 and 110°. As the foot is moved into

dorsiflexion, the stiffness increases slowly until  not necessarily by anatomical limitations of the
70°, when it begins to increase more steeply. subject’s ankle. This curve is compatible with
Moving the foot into dorsiflexion beyond 60° most of those obtained in an earlier study'® by
was possible in these subjects, but was an the application of small, pseudo-random per-
uncomfortable experience and often led to turbations around different mean angles over
activation of the TA (at atime when this muscle the movement range, although at least one of
was at its shortest length). If the foot was the subjects in this earlier study (number two,
plantarflexed, it may be seen that the stiffness  table)'® would be classified as a ““stiff”’ normal
first began to increase significantly beyond (see below) on the basis of their restricted
110°. The limit of 130° was determined by the movement range and considerably higher resis-
mechanical construction of the equipment,and  tance to dorsiflexion.

Table Clinical details of the hemiparetic subjects

>
'}

Age Duration S Muscle’
Case Sex (years) SL! (months) p? MmM? c i tone
1 m 48 1L.MCA 48 1 5 + (+) 3
2 f 50 L.MCA 72 1 5 + + 3
3 f 48 1L.LMCA 13 1-2 5 ++++ ++ 1
4 f 24 r.MCA 16 4 5 +4++ + 0
5 f 19 r.MCA 14 4 5 +++ + 0
6 f 50 r.MCA 13 2-3 2 +++ + 1
7 m 34 r.MCA 20 4 5 +4+++ + 1-2
8 m 45 r.MCA 25 0 2 ++++ + 1
9 m 66 r.MCA 13 5 5 - - 0
10 m 68 1.MCA 15 4 2 ++++ - 0
11 m 57 LMCA 12 0 0 ++++ +) 0
12 m 60 r.MCA 12 45 5 ++++ + 1
13 m 58 1.MCA 18 0-1 4 ++++ + 2
14 f 52 r.MCA 18 5 5 ++ + 0
15 m 36 r.MCA 23 4 45 +++ + 0
'Site of lesion:l. MCA = left middle cerebral artery. r.MCA = right middle cerebral artery. Lesion localisation in all cases by CT plus, in some cases, MRI and/or
angiography. ’
‘Paresis of contralateral TS, expressed according to the British MRC scale: 0= no voluntary power; 1 = visible contraction without effect; 2 = movement without

the influence of gravity; 3 = movement against gravity; 4 = movement against resistance; 5 = normal power.
‘Mobility: 0 = no mobility; 1 = with two crutches; 2 = with one crutch; 3 = unaided, up to 100 m; 4 = unaided, up to 1 Km; 5 = unaided, more than 1 Km.

‘Achilles tendon reflex on the contralateral (c) and ipsilateral (i) side: — = absent; (+) = weak; + = normal; + + = brisk normal; + + + = exaggerated with
beats of clonus; + + + + = exaggerated with sustained clonus.
’Muscle tone of the contralateral leg (assessed during passwe knee flexion and extensxon), expressed on the Ashworth scale: 0 = no increase in tone; 1 = slight

increase in tone ngmg a “catch” when the limb was moved in flexion or cxtcnsxon, 2 = more marked increase in tone but limb easily flexed; 3 = consxderable
increase in tone—passive movement difficult; 4 = limb rigid in flexion or extension.
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Figure 5 Mean (SE)
stiffnesses over the
movement range of the
ankle for the “stiff”’
normal subjects (n = 5)
and the contralateral side
of the hemiparetic subjects
(n=15).
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Figure 4 shows a similar curve calculated for
the side ipsilateral to the cerebral lesion in the
hemiparetic subjects (filled circles), superim-
posed on the curve for the contralateral ankle
(open circles). In plantarflexion and between
95 and 110°, there were no differences between
the two body sides. As the ankle is dorsiflexed,
however, the contralateral ankle is significantly
stiffer (p < 0-01) at all angles between 90 and
70°. The range of movement possible at the
joint was unchanged from normal values. The
increase in stiffness in dorsiflexion was evident
in all the spastic subjects. The stiffness curve of
the ipsilateral ankle of the hemiparetic subjects
is largely identical to that of the flexible normal
subjects.

While the stiffness of the contralateral ankle
in the hemiparetic subjects is significantly
greater than both their ipsilateral side and the
flexible normal ankle, it can be seen (fig 5) that
it is significantly less stiff (p < 0-001) for all
angles between 70 and 85° than that of the ankle
of the “stiff” normal subjects who form a
homogeneous group with a characteristic stiff-
ness profile. The movement range of the ankle
of the “stiff”’ normal group is limited, and
dorsiflexion beyond 70° is impossible. The
range of minimum stiffness and the stiffness in
plantarflexion are the same as those observed in
the flexible normal group and on both sides of
the spastic subjects.

Discussion
For a hemiparetic patient it is a normal
experience when walking that the toes drag on
the ground during the swing phase of the
paretic leg. From gait studies,’ this is known to
result from an insufficient dorsiflexion of the
ankle. The present findings, of significantly
greater passive resistance to dorsiflexion at the
paretic ankle could well represent the patho-
physiological basis for this motor disability: at
an angle of 80° dorsiflexion, which must routin-
ely be achieved in normal gait,! the spastic
ankle shows over 50% more resistance to
imposed displacement than the normal ankle.
The classic view of spastic muscle hypertonia
is that it arises as the result of exaggerated
stretch reflex activity. While recent reports®'?
have confirmed that, at the elbow, spastic
muscle hypertonia is always associated with
velocity-dependent tonic EMG activity, this is
clearly not the case at the ankle, where a
significant contribution to raised tone arises
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from changes in the passive properties of the
ankle. A contribution of stretch reflex activity
to raised muscle tone at the spastic ankle
cannot, however, be excluded as a result of this
study: displacement was deliberately applied at
low velocities of stretch to prevent the genera-
tion of reflex EMG in the ankle musculature.
Whether velocity-dependent tonic EMG
activity such as that seen at the elbow can also
be seen at the ankle with faster rates of dis-
placement is the subject of continuing research:
preliminary results indicate abnormal respon-
ses are more likely to take the form of bursts of
clonus.

All of the patients involved in this study were
screened to exclude clinically defined contrac-
ture from the results and all cases of activation
of the ankle musculature were strictly
excluded. It is clear therefore that the observed
increases in stiffness must arise as the result of
passive biomechanical changes. Given that no
differences from the normal condition were
found in plantarflexion, this increased stiffness
must be a property of the ankle extensor
musculature or of its tendons and connective
tissue. Changes in the bones of the ankle joint
can be excluded as a major cause, as significant
increases in stiffness were apparent at 85°, well
away from any anatomical restraints likely to be
imposed by the bones of the joint. The
ligaments of the joint may similarly be
excluded, as they are designed to act only at the
extreme of the movement range, not otherwise
being under tension'’ and are more likely to
represent a distinct boundary rather than the
steady increase in stiffness observed, with an
associated reduction in the movement range,
which was not observed in the spastic subjects.

Thus it would seem likely that the changes
underlying the increased stiffness lie, as
previously suggested,?* in altered mechanical
properties of the TS muscle group and/or its
tendon. Both earlier reports favoured changes
in the muscle fibres as the probable cause, but
given the differing Young’s moduli of muscle
and tendon, the far greater proportional length
(6-8 times) and the smaller cross-sectional area
(about 140 times)'* of the latter, it is more likely
that changes in the Achilles tendon (that is, all
connective tissue in line with a muscle fibre
between its origin and insertion) have led to the
observed increase in stiffness. A dorsiflexion of
10° at the ankle would displace the insertion of
the Achilles tendon (the calcaneus) approx-
imately 8 mm."” The tendon would normally be
expected to be highly elastic, rather than vis-
cous,'® show high compliance'” and be propor-
tionally much longer than its muscle fibres.
Such a displacement would be well within its
lengthening range: even if the muscle fibres
themselves were rigid, a minimal increase in
resistance would be seen, as the movement
would simply be taken up in the tendon. That
the dramatic increase in stiffness (over 50%)
was observed at 80° of dorsiflexion means
therefore that alterations in the stiffness of the
Achilles tendon must have taken place in the
spastic subjects.

From animal experiments it is known that
immobilisation for periods as short as nine
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weeks can lead to significant stiffening of the
joint,'® probably as the result of water loss in
tendon and connective tissue, as well as a small
amount of extra collagen deposition. This is
unlikely to explain our results as all the subjects
were having regular physiotherapy, and had
been since shortly after their stroke. Further-
more, no correlation could be found between
either the degree of paresis or the mobility of a
subject and the stiffness, making it unlikely
that simple disuse could be the cause of the
changes. Given that the half-life of collagen is
300-500 days," it is possible that some altera-
tion in the collagen content of the Achilles
tendon or other connective tissue has occurred:
deposition of even a small amount of collagen
outside the tissue weave has a marked effect on
the physical characteristics of connective tis-
sue.”® It is also thought that the so-called
tendon slack, which accounts for the toe region
of the tendon length/tension profile, is a
property of the mucopolysaccharides con-
tained in the tendon.” A loss of flexibility in
these structures might also be expected to lead
to increased stiffness. There is still no evidence
for such morphological changes in spastic
humans.

Cooling a limb with ice packs or in a cold
water bath (10°C) leads to a marked increase in
the passive resistance to imposed movements.?!
Given that many of the patients in this study
had moderate to severe paresis in the muscles of
the lower leg, it is possible that a drop in
intramuscular  temperature might have
occurred in these muscles, due to their relative
disuse, and that this temperature drop has led
to increased stiffness in the muscles. While the
skin temperature of the patients in this study
was not systematically measured, the clinician
noted no differences between the two sides of
the hemiparetic patients during the
neurological examination that preceded each
experiment. Furthermore, it has been shown
that the skin temperature over the calf muscles
in fully plegic patients is around 32°C.%* As the
temperature of the underlying muscles must be
still higher, it is unlikely that the effects of cold
on muscle stiffness can explain the observed
increase in stiffness.

The patients selected for this study were
healthy, mostly mobile and all were having
regular physiotherapy using a wide variety of
techniques. Nevertheless, a clear increase in
the stiffness of the ankle contralateral to the site
of the causative lesion was apparent in all of
them and to a similar extent. Clinical
experience indicates that subjects receiving no
physiotherapy and in a generally unhealthy
condition experience worse disability, develop-
ing considerably increased stiffness and a res-
tricted movement range within a few months of
their stroke. In these cases, pathological chan-
ges resulting from the mechanisms mentioned
above may well play a more important role. Itis
clear from the failure to lift the forefoot in
walking that this increased stiffness disables
even our relatively healthy group of paretic
subjects to some extent. What is less clear is
why they are unable to correct for this stiffness.
Despite showing significantly greater resis-
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tance than the paretic subjects and, addition-
ally, a restricted movement range in
dorsiflexion, the “stiff’” normal group have a
normal gait pattern: it is clear that such an
increase in stiffness can be overcome. That the
paretic subjects fail to do so may be a property
of the automatic spinal circuits controlling
locomotion.

The “stiff”’ normal group learnt, as children,
to deal with the stiffness of their ankles as part
of the maturation of gait. The paretic subjects,
however, first encounter an increase in stiffness
as adults, when the locomotor pattern is already
established. It may be that the activity
associated with this pattern is relatively inflexi-
ble and although some increase in the level of
TA EMG output is possible,? as reflected in
recordings, it remains insufficient to overcome
the increased passive stiffness of the Achilles
tendon.

It must also be considered that a major
component of the TS, namely the gastroc-
nemius, acts not only at the ankle joint, but also
at the knee: if this muscle was more severely
affected by pathological changes than the
soleus, then clearly the disability experienced
by the hemiparetic subjects would be more
severe during gait, when the knee is extended
and the gastrocnemius under greater tension
than in this study, where the subjects were
seated and the knee flexed. Given the similarity
of the normal stiffness curves obtained in this
study and those obtained in an earlier study'
where the measurements were performed with
the knee almost fully extended, it is unlikely
that the gastrocnemius could have such a
dramatic effect on stiffness. Indeed, prelimin-
ary studies on the effects of knee angle indicate
that significant changes in ankle stiffness occur
only in the last 25° of knee extension (unpub-
lished observations). It would therefore seem
justified to conclude that, although some
change in the passive mechanical properties of
the muscle fibres of the T'S may have occurred,
the major factor behind the increased resis-
tance to dorsiflexion at the paretic ankle is an
increase in the passive stiffness of the Achilles
tendon.
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