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Tension development and muscle activation in the leg
during gait in spastic hemiparesis: independence of
muscle hypertonia and exaggerated stretch reflexes
W BERGER, G HORSTMANN, V DIETZ

From the Department of Clinical Neurology and Neurophysiology, University ofFreiburg, Freiburg, West
Germany

SUMMARY In 15 patients with spastic hemiparesis the development of tension of calf muscles in
relation to their electrical activation and their stretching period was studied on both sides during
locomotion. Only in the spastic leg did isolated small biphasic potentials appear in the gastroc-
nemius E.M.G. with monosynaptic latency at the beginning of the stance phase, while the remain-
ing gastrocnemius activation was reduced compared to the unaffected side. Perturbations of gait
were followed in the spastic leg by a large monosynaptic response, while the polysynaptic reflex
response was reduced. In the unaffected leg only a strong polysynaptic response appeared, which
suggests a reciprocal modulation of monosynaptic and polysynaptic reflex responses. Tension
development paralleled the gastrocnemius E.M.G. in the unaffected leg, while in the spastic leg
tension was more closely correlated to muscle stretch. It is concluded that in spasticity the
exaggerated monosynaptic reflexes represent only a small part of leg extensor activation during
gait and that the tension development does not depend on these reflexes.

Exaggerated activity of a (a-spasticity) and
y-motoneurons (y-spasticity) is the most accepted
hypothesis for muscle hypertonia in spasticity.'
However, a study of the active complex movements
which are most impaired by muscle hypertonia,
could not be found either in the older literature2 or
in the more recent reports.3- It has been proposed
that changes of mechanical muscle fibre properties
contribute to muscle hypertonia.45

While earlier papers were concerned with the
activity pattern of the spastic leg muscles during gait,
no information about quick compensatory move-
ments following disturbances of gait, and only indi-
rect evidence for the generation of the abnormal
tension development, was available.
The aim of this study was to analyse the activity

and functional significance of mono- and polysynap-
tic reflexes during normal and disturbed gait, and to
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evaluate their contribution to the development of
tension in the triceps surae to compensate for body
load after impact. Hemiparetic patients were
selected for this study in order to compare the unaf-
fected leg with the spastic one of the same subject.

Methods

Fifteen patients with spastic hemiparesis were studied dur-
ing slow gait ( 1-5 to 2 5 km/h) on a treadmill. Eleven of the
patients suffered from a unilateral ischaemic infarction,
while in the remainder had different causes (encephalitis 2,
tumour 1, and trauma 1). The age of the patients ranged
from 39 to 74 years (mean 54 years). The spastic paresis
had been present from between 4 months to 13 years
(mean 2-9 years) and all patients exhibited exaggerated
tendon reflexes and a positive Babinski sign on the affected
side. The patients were able to stand and walk unaided or
with minimal support.
The E.M.G. of the medial part of the gastrocnemius and

of tibialis anterior of both legs was recorded using surface
electrodes. Ground contacts of the heel and the ball of the
foot as well as the beginning of the swing phase, were
indicated separately by electrical switches fixed in the
shoes. Joint angle changes at the ankle were recorded by a
potentiometer. The changes in tension of the Achilles ten-
don during gait were measured by a buckle-type gauge.
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The gauge was fixed laterally near the tendon, while the
tendon was pressed against the force-measuring branch by
a metal frame from the contralateral side. The proportion
of tension measured by the strain gauge amounted to about
3% of the total tension acting on the Achilles tendon and it
increased in healthy subjects linearly with the gastroc-
nemius E.M.G.
Three patients were randomly displaced at distinct

phases of the step cycle (in most cases at heel contact). For
this, a step change of treadmill velocity (for example 1-5
km/h to 7-5 km/h in 100 ms) was induced. For comparison,
such an acceleration impulse was also applied in a standing
position on the treadmill (0 to 6 km/h in 100 ms).

Data processing
The E.M.G. signals were recorded by a telemetric device
(Schwarzer model 4024 FS) and filtered (time constant
3 ms). It was ascertained that mechanical artifacts were
minimal by passively shaking the legs and by monitoring
the E.M.G. on an ink recorder during the experiment. The
rectified E.M.G. signals, together with signals of a
goniometer, electrical switches and the gauge on the Achil-
les tendon were averaged on line (Nicolet model 1072)
using methods described in previous papers.46
For better comparison, the histogram of each patient

was normalised to a one step cycle. The change of tension,
developing during the stance phase in each patient, was the
same on both sides, which was to be expected because the
body weight is alternatively supported by each leg. It var-
ied however from one subject to the other depending on
the body weight and local factors at the Achilles tendon.
Therefore the peak tension reached during stance was
normalised to one unit for all patients. The electrical
switches in the shoes were used as trigger pulses indicating
the onset of displacement. The resolution of the averaged
histogram amounted to 256 points for each step cycle. All
averaged recordings were transferred to a Sirius Computer
System and stored on a disk for normalisation of the indi-
vidual histograms to a one step cycle, further processing
and statistical analysis (for example mean values and stan-
dard deviations).

Results

Gait pattern
In fig 1 the gait histograms of 15 patients with spas-
tic hemiparesis are summarised to show the factors
determining the tension development in both legs.
On the unaffected side, the peak increase in gas-
trocnemius E.M.G. occurred in the middle of the
stance phase. The tension development paralleled
the increase in E.M.G. amplitude and reached its
maximum about 100 ms after the E.M.G. peak.
With the plantarflexion of the foot at the end of the
stance phase, the E.M.G. as well as the tension
dropped to zero. During the swing phase, the foot
was actively dorsiflexed by the tibialis anterior, but
this was associated with only a small increase in ten-
sion. On the spastic side, the mean amplitude of
ankle joint movement was about half that of the
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unaffected side. However, the stretch of the triceps
surae during the passive dorsiflexion of the foot was
not connected with an additional increase of gas-
trocnemius E.M.G. Except for a large synchronised
E.M.G. peak, which appeared just after ground con-
tact by the ball of the foot, that is at the onset of
muscle stretch, the gastrocnemius activation
remained on about the same level during the whole
stretching period. The maximal gastrocnemius acti-
vation was reduced to about half of normal strength.
In the individual histograms, the reduction of
E.M.G. strength was correlated with the severity of
paresis in each patient. In a few patients, as well as
the gastrocnemius, the soleus and tibialis
posterior-E.M.G.s were recorded. They showed,
however, no essential difference from the gastroc-
nemius activation. The tension development closely
paralleled the ankle joint movement through the
whole stance phase, while the synchronised E.M.G.
peak was not reflected in the tension trace. During
the swing phase, the foot was only a little dorsiflexed
despite the tibialis anterior activation and the gas-
trocnemius was already activated before ground
contact (as seen in healthy subjects during tip toe-
ing).

Perturbation of gait
Figure 2 shows the different compensatory reactions
of both legs to a treadmill acceleration during gait
and when standing still. To demonstrate the consis-
tency of the responses, several single raw E.M.G.
traces were displayed with a higher resolution. The
treadmill acceleration caused a quick dorsiflexion of
the foot which resulted in a stretching velocity of
250(300°/s (calculated from the goniometer trace).
When the acceleration was induced during gait at
heel contact of the unaffected leg (fig 2a) a strong
gastrocnemius response appeared with a latency of
65-75 ms in respect to the onset of ankle joint
movement (duration about 100 ms); when the same
stimulus was applied to the spastic leg only small
biphasic potentials appeared with a latency of about
40 ms while the activity following these potentials
was reduced compared to the unaffected leg. When
the same impulse was induced while standing still
(treadmill velocity = 0; fig 2b) isolated biphasic
potentials appeared in the gastrocnemius E.M.G. of
both legs and with the same latency of 40 ms, how-
ever, larger on the spastic side. On the unaffected
side, these small potentials were followed by a
strong gastrocnemius activation (latency about 80-
90 ms), separated by an E.M.G. depression lasting
about 35-40 ms. In contrast to this, on the spastic
side only a little background activity could be distin-
guished in this time period. Despite the small gas-
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Muscle hypertonia and stretch reflexes
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Fig 1 Gait pattern ofthe unaffected (upper trace) and the spastic leg
(lower trace) in patients with spastic hemiparesis. Mean values and
standard deviations ofthe averaged (n = 32 step cycles) histograms of15
patients. The individual histograms were normalised to I step cycle. In
each figure firom top: Changes in tension at the Achilles tendon, rectified
tibialis anterior and gastrocnemius EMG and ankle joint movements.
I arbitrary unit equals about 1 mV.

trocnemius activation in the spastic leg the increase
in tension at the Achilles tendon was the same on
both sides. However, on the unaffected side the
peak-tension was connected with the maximal
E.M.G. amplitude while on the spastic leg it was
connected with the maximal passive dorsiflexion of
the foot, that is stretch of triceps surae.

Discussion

On the basis of the results two aspects will be discus-
sed: the functional significance of mono- and
polysynaptic reflex responses and, as a consequence
of this, their contribution to the tension develop-
ment in spastic gait.
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Fig 2 Leg muscle E.M.G. responses on the unaffected (upper trace) and spastic (lower trace) leg following a short
treadmill acceleration during gait (2a) and standing (2b) ofa patient with spastic hemiparesis (42 vears old, unilateral
cerebral haemorrhage 4 years previously). During gait the perturbation was induced randomly at heel contact of
respectively, the unaffected and spastic leg. Single gastrocnemius (8) and tibialis anterior (3) raw E.M.G. responses are
displayed with a high gain, together with the treadmill speed and the averaged (n = 8) ankle joint movements. Arrow (1iindicates ground contact. On the right side the averaged (n = 8) changes of tension at the Achilles tendon are shown.

Reflex behaviour
The early biphasic gastrocnemius E.M.G. potentials,
which, on the basis of their latency, obviously rep-
resent monosynaptic stretch reflexes. frequentlv
appear at the beginning of normal or disturbed
stance phase on the spastic side. They do not arise
on the unaffected side, although (especially during
the acceleration impulse), stretch velocitv of triceps
surae should be high enough to evoke monosynaptic
responses. Gottlieb and Agarwal7 demonstrated this
in their experiments with a torque motor. This lack
of monosynaptic responses suggests that, in healthy
subjects. the monosynaptic response is inhibited
during gait. Consequently monosynaptic responses
did appear on the unaffected leg when the perturba-
tions were applied during standing. This agrees with
a recent study which showed that the H reflex was
facilitated more during voluntary contractions than
during walking."

Load compensation following a perturbation was
provided on the unaffected side by an " earlv' strong
gastrocnemius activation (most probably corres-
ponding to a polysynaptic reflex response). On the
spastic side this leg extensor activation following the
isolated biphasic potentials was alwavs reduced.
which corresponds to a reduction of the earlv
polysynaptic response reported for torque motor
perturbations applied to a spastic arm.' This indi-
cates that there exists a reciprocal modulation of
monosynaptic and polysynaptic E.M.G. responses
during gait., with the appearance of (normally sup-
pressed) monosynaptic potentials and a reduction of'
the normallN functionally essential polysynaptic
reflex response in subJects with impaired function of
supraspinai motor centres (both spastic patients and
children around 1-2 years of age (unpublished
observations)). The latencv of the polysynaptic
reflex response described here, which is about the

1032

0 bn

C)

P
rotected by copyright.

 on M
ay 22, 2023 by guest.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.47.9.1029 on 1 S
eptem

ber 1984. D
ow

nloaded from
 

http://jnnp.bmj.com/


Muscle hypertonia and stretch reflexes

same as that of the, so called, "M2-response"
obtained in wrist displacements (around 60 ms),9
makes it more likely that the former is mediated by a

polysynaptic spinal than by a transcortical pathway,
as has been suggested for the latter. This fact also
supports the notion, that there exist different
mechanisms for the long latency reflex responses

obtained in different muscles.'

Tension development
There is no obvious connection between the exag-

gerated monosynaptic reflexes and muscle hyper-
tonia in spasticity, as has been assumed since Rom-
berg.'2 The tension development of the leg extensor
muscles to support the body weight occurs with the
stretching of the slightly tonically activated triceps
surae, while it normally depends on the electrical
muscle activation. The exaggerated monosynaptic
reflexes obviously do not contribute much to muscle
tension. Therefore, muscle hypertonia cannot be
explained by enhanced motoneuron activity, but is
probably due, as was recently suggested,4 5 to
behavioural changes of lower motor unit activity
resulting from the impaired supraspinal input, with
consequent changes in mechanical muscle fibre
properties.

We are grateful to Mr Stuart Fellows for correcting
the English text.
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