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Stretch reflexes of triceps surae in normal man

A BERARDELLI, M HALLETT, C KAUFMAN, E FINE, W BERENBERG, SR SIMON

From the Rehabilitation Engineering Center at Harvard-MIT, Section of Neurology, Department of Medicine,
Brigham and Women’s Hospital, the Departments of Orthopedic Surgery and Pediatrics, Children’s Hospital
Medical Center and the Departments of Neurology, Orthopedic Surgery and Pediatrics, Harvard Medical
School

SUMMARY In order to learn more about stretch reflex behaviour of triceps surae, normal human
subjects sat in a chair with one foot on a platform attached to a torque motor that produced
phasic dorsiflexion displacements of the ankle. EMG activity was recorded from triceps surae and
responses were obtained for various conditions. When the subject’s foot was relaxed, stretch of
triceps surae produced a single EMG component at short-latency which increased in magnitude
with increasing velocity of stretch. The response was not altered if the subject was asked to
plantarflex or dorsiflex the ankle voluntarily when he felt the perturbation. It was reduced by
vibration of the Achilles tendon. If the triceps surae was stretched while the subject plantar-
flexed his ankle, the short-latency response was followed by one and sometimes two long-latency
responses. Like the short-latency reflex when the foot was relaxed, none of these responses was
altered by the subject’s planned movement after feeling the perturbation. All of the responses
were suppressed to a similar degree by vibration. The long-latency reflexes depended on long-
duration of stretching and relatively slow acceleration of stretch. The reflexes persisted after
anaesthesia to the foot suggesting that muscle afferents were responsible. Interactions between
H-reflexes and stretch-reflexes revealed that the afferent volley producing a stretch reflex acted
like the afferent volley producing a small H-reflex. Responses at an interval of 30 ms to both an
electrical stimulus for an H-reflex and a stretch stimulus were possible if the electrical stimulus
produced only a small H-reflex and if the subject had been plantarflexing the ankle. The short-
latency reflex when the foot was relaxed or exerting a background force appears to be the
monosynaptic, Ia mediated stretch reflex. The physiological properties of the long latency
reflexes are similar to those of the short-latency reflex, and they may represent, at least to a
certain extent, response of the motor neuron pool to successive Ia bursts.

Stretch of contracting muscle produces a series of
responses. The first, at “short-latency’’, has usually

muscle length? or a mechanism to control muscle
stiffness.?

been shown to be equivalent to the monosynaptic
reflex. If the muscle is active at the time of the
stretch then there will be one or more “long-
latency”” responses following the early response, first
seen by Hammond,' which also appear to be reflex
in nature. Following these responses are additional
events which can be strongly influenced by voluntary
intent. The precise role of the short and long-latency
responses in control of movement is unclear; specu-
lations include the idea of a mechanism to control
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While long-latency reflexes have been described
in various muscle groups in the upper extremity
including the long flexor of the thumb,? wrist flexor
and extensor*® and biceps,®’ previous investigations
of the triceps surae have failed-to reveal similar
responses.®~!° Independent of whether the muscle is
active or not a short latency reflex at 40-50 ms after
the stretch is prominent in triceps surae and pre-
sumably reflects the monosynaptic spinal reflex. Its
mechanism has been studied in detail by Gottlieb
and Agarwal® and by Kearney.!® A small second
response following the short latency reflex has been
described by Gottlieb and Agarwal in normal sub-
jects and the properties of this response are similar,
but not identical, to the short-latency reflex.

Another response in the triceps surae, called the
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functional stretch reflex by Melvill Jones and Watt!'
and the post-myotatic response by Gottlieb and
Agarwal® comes at a latency of 120 ms. The func-
tional stretch reflex depends in large part on intent
and thus seems to be voluntary, but there are some
differences from ordinary voluntary responses which
will be discussed later. Nashner'? has identified a
stretch response at about 100 ms latency in ankle
muscles of standing man that he calls the functional
stretch reflex but proof of its analogy to the func-
tional stretch reflex of Melvill Jones and Watt, or to
long-latency reflexes seen in other muscles, is lack-
ing.

Quantitative analysis of the effect of different
mechanical parameters of the stretch on the mag-
nitude of components of the long-latency responses
in the long thumb flexor has suggested that long,
slow stretches produce larger responses.'* For this
reason we began to study responses to stretch of the
triceps surae at velocities which are slower than
those previously studied in order to attempt to iden-
tify long-latency responses more analogous to those
seen in upper extremity muscles. It is relevant to
observe in this regard that in walking the maximal
rate of rotation of the ankle is 200°s and these rates
are lower than those studied previously. It has
turned out that long-latency reflex components do
appear with these slower stretches.

Materials and methods

Twenty normal subjects (aged from 20 to 40 years) sat in a
chair with one foot, usually the left, strapped to a platform
with the hip and knee at 90 degrees. The base of the chair
was connected to a large metallic frame into which was
incorporated a torque motor (Magnetic Technology P/N
H5500-750-040). Connected to the shaft of the motor was
the platform for the foot. A system of platform supports
was adjustable to enable alignment of the ankle’s ““axis of
rotation”” with the platform’s axis of rotation. An infinite
resolution plastic film potentiometer (Bourns Model 6674,
Custom Precision) attached to the shaft was used as an
angular position transducer. An angular velocity trans-
ducer which was a permanent magnet DC Tachometer
(Servo Tek SA 72474-2 Size 11) also was attached to the
shaft. The torque produced between the motor and the
platform was measured by a custom designed strain gauge
and this information could be made available to the subject
by deflection of a meter needle.

The platform attached to the torque motor was control-
led by computer and made quick dorsiflexion movements
at specified peak velocities (100-250°%s). The peak vel-
ocities were attained at 50~-100 ms into the course of the
movement. The starting angle and termination angle could
be independently specified. The computer produced a posi-
tion command signal which was summed with the angular
position and angular velocity in an analogue network to
generate a position error-signal. The error signal was sup-
plied to a 525 Watt linear power amplifier (Torque Sys-
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tems, Inc Modal PA-601) which drove the torque motor.
This feed-back mechanism resulted in relatively smooth
operation of the pedal and limited the maximal velocity of
pedal to 200-250°/s. Electrical activity from the lateral gas-
trocnemious and the tibialis anterior muscles was recorded
with Jacobson surface electrodes PDL-3 (Project and
Design Laboratory, University of Utah) (gain of about 310
and a bandwidth of 5 Hz to 17 000 Hz) which contained an
at-the-site differential preamplifier. The small size of
preamplifier allowed it to be placed on the skin above the
muscle being monitored. The ground electrode was a
Beckman silver-silver chloride, usually placed on the knee.
The EMG signals were full wave rectified and then filtered
by a second order low-pass Butterworth filter which
reduced the signal by 3 db at 90 Hz. The EMG signals, the
angular positions of the foot and the torque on the plat-
form were sampled by the computer at 2 ms intervals.

For the quantitative analysis of the EMG responses we
have described the stretches in terms of peak acceleration
rather than velocity, because commands for greater veloc-
ity produced an earlier peak of the velocity as well as an
increase in velocity, so that acceleration was a better
descriptor of the mechanical perturbation. In addition, the
platform began to move slowly so that it was often difficult
to specify the precise onset of the perturbation; for this
reason the latency of the EMG responses was measured
from the electronic command to move the platform to the
onset of the EMG response. This clearly overestimates the
true biological latency. The duration of each EMG compo-
nent was measured by visual inspection. The amount of
EMG activity in a component was calculated by integrating
the rectified and filtered EMG record using the computer.
At the beginning of the experiment the subject was asked
to press against the pedal with maximal strength. The
extent of needle displacement on the torque meter and the
amount of EMG activity was noted. This “‘maximal EMG
activity” was also integrated using the computer. The inte-
grated EMG activity in a component of a stretch response
could then be measured as a percentage of the maximal
EMG activity. This value was calculated by dividing the
ratio of integrated value of the response to the duration of
the response by the ratio of the integrated value of the
maximal EMG activity to its duration and multiplying
times 100. At other times we calculated the magnitude of a
response by dividing the integrated EMG of the response
by the ratio of the integrated value of the maximal EMG
activity divided by its duration (without taking into consid-
eration the duration of the EMG response). The first
method produced a number related to an average increase
in EMG activity over the time of the response while the
second method produces a number related to the absolute
amount of EMG activity in the response without regard for
its duration. There were no major differences in results of
any experiment with these two techniques and all of the
results in the paper utilise the first method.

Each specified velocity of stretch was repeated 10 times
in a random sequence and the results were separately aver-
aged. Four experimental paradigms were used for this
study.

Experimental paradigm I. No background force
(A) Stretch reflexes The subject sat with his foot relaxed
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on the platform and he was told to do nothing. The initial
angle was —10° and at random times the ankle was
dorsiflexed to +5° at five different specified velocities (100,
125, 150, 175, 250 degrees/s). Each velocity was repeated
ten times in a random sequence and the results of each
were separately averaged. This experiment was performed
in 20 subjects.

(B) Voluntary influences The subject sat with his foot
relaxed on the platform, but this time he was given at
random one of two tasks to perform when he perceived the
perturbation: (1) push (plantarflexion of the ankle), or (2)
assist (dorsiflexion of the ankle). All perturbations were
from —10° to +5° and the specified velocity was 200
degrees/s. Each task was performed 10 times and the
results averaged. This experiment was performed in five
subjects.

(C) Vibration In six subjects, vibration was applied man-
ually to the tibialis anterior or Achilles tendon using a
physical therapy vibrator (Foredom Electric Company
Series 97). Various degrees of pressure were exerted and
the frequency was varied between 50-150 Hz.

Experimental paradigm I1. Background force

(A) Stretch reflexes This experiment was similar to A of
the paradigm I except that the subject exerted a plantar-
flexing torque onto the platform of 20% of maximal force
while waiting for the perturbation. The 20% force was
determined using the torque monitor and comparison to
maximal effort. Again, 10 repetitions of five different vel-
ocities (100, 125, 150, 175, 250 degrees/s) were given in a
random order and the results for each averaged. This
experiment was performed in 20 subjects.

(B) Voluntary influences This experiment was similar to
B of the paradigm I, except that the subject exerted plan-
tarflexing torque into the platform of 20% of maximal
force. He was given one of two tasks, to push or assist after
receiving a standard perturbation from —10° to 5° at 200
degrees/s. This experiment was performed in five subjects.
(C) Vibration In six subjects vibration was applied on
Achilles tendon or tibialis anterior.

(D) Ischaemia The effect of ischaemia on long-latency
stretch reflexes was studied in two subjects. Ischaemia of
the foot was produced by application of cuff around the
ankle inflated at 200 mm Hg. Testing was carried out when
cutaneous sensitivity below the cuff was absent and ability
to detect movement of the ankle was reduced to
movements of greater than 5°. It was suspected that ability
to detect large ankle movements was due at least in part to
obligatory movement of the cuff with ankle movement.
The stretch reflex was recorded with background force at
200 degrees/s of velocity from —10° to 5°.

Experimental paradigm II1

Stretch reflexes with different duration of stretch were
studied. Changes of duration were determined by varying
the excursion of the pedal. These experiments were con-
ducted with and without background force. Four subjects
were tested for three different sets of experiments. (1) 15°,
10°, and 5° of pedal displacements were used. The specified
velocity was 200 degrees/s and the starting point was —10°.
(2) 9°, 6°, and 3° of pedal displacements were used. The
specified velocity was 200 degrees/s and the starting point
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was —10°. (3) Stretches with 5° of displacement and 250
degrees/s velocity (starting point 0°) were compared with
stretches with 15° of displacement and 100 degree/s veloc-
ity (starting point —10°).

Experimental paradigm IV

Interaction between the H-reflex and stretch reflex of
triceps surae were studied in three subjects. The stretch
reflex was obtained at 200 degrees/s from —10 to +5
degree of pedal displacement. The H-reflex was obtained
with electrical stimulation of the posterior tibial nerve in
the popliteal fossa using a bipolar surface electrode.
Stimulus duration was 1-0 ms and amplitude was adjusted
to produce either a minimal or maximal H-reflex. A
minimal H-reflex was defined as the H-reflex seen just
above threshold and recognisable by eye on each trial. A
maximal H-reflex was defined as the H-reflex of highest
amplitude. Three different sets of experiments were
performed. (1) Stimulation for the H-reflex was delivered
before the stretch at intervals from 0-1500 ms. This was
performed with and without the subject generating
background force. The effects of different magnitudes of
H-reflex on the stretch reflex were evaluated. (2)
Stimulation for the H-reflex was delivered after the stretch
produced by the torque motor at intervals from
50-500 ms. Experiments were conducted with different
magnitude of H-reflex and with and without background
force. (3) Interaction between two H-reflexes of similar
magnitude was studied at various intervals, with and
without background force.

Results

PARADIGM I: NO BACKGROUND FORCE

(A) Stretch reflexes A single EMG component was
recorded from lateral gastrocnemious after a sudden
dorsiflexion of the foot (fig 1). The latency varied
from 50-80 ms in different subjects and was shorter
and more stable at fast accelerations. The interval
between the peak acceleration and the beginning of
the response varied from about 20-30 ms. The dura-
tion varied from 17-40 ms but was relatively stable
with different accelerations in the same subject. The
magnitude of this response increased with increasing
acceleration of the stretch (fig 2). We will call this
response the short-latency reflex noting its similarity
to the myotatic reflex as previously studied by
Agarwal and Gottlieb.®

(B) Voluntary influences The latency, duration and
magnitude of the short-latency reflex were not
modified if the subject made a dorsiflexion or a plan-
tarflexion movement when he perceived the pertur-
bation. When the subject performed a plantar-
flexion of the foot a large EMG component was
present at about a latency of 150-160 ms. This
component was considerably reduced or absent
when the subjects made a dorsiflexion movement. In
the assist task a large EMG response at 150 ms
latency was recorded from tibialis anterior.
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Fig 1 (A) Short latency reflex of lateral gastrocnemius muscle to a dorsiflexion
stretch when the subject was at rest. This response is the average of 10 single stretches.
No EMG response is seen in the tibialis anterior (tib ant).

(B) Behaviour of the short-latency reflex (upper part) with decreasing accelerations
of stretch (lower part) when the subject was at rest. Each trace is an average of 10

trials.
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Fig 2 The magnitude (mean = 1 SE; n = 10) of the
short-latency reflex when normal subjects were at rest
plotted against the acceleration of the stretch. The
short-latency reflex has been calculated as percentage of the
maximal EMG activity.

(C) Vibration The short latency reflex was reduced
by a vibration of the Achilles tendon or of the
tibialis anterior in all the subjects tested. The degree
of inhibition of the reflex depended on the pressure
of the vibrator on the limb.

PARADIGM 11: BACKGROUND FORCE

(A) Stretch reflex Each subject exerted a plantar-
flexion torque onto the platform of 20% of his max-
imal force while waiting the perturbation. In this
circumstance the EMG response-was longer in dura-
tion than without background force. Often two or
three discrete EMG components could be identified
(fig 3). The first component was similar in duration
to the short-latency reflex recorded without back-
ground force. Its latency was slightly faster (42-68
ms), and became less with faster stretches.

The other two responses can be considered long-
latency stretch reflexes. The first of the two had a
latency of 70-105 ms and was present in all the
subjects tested. The second of the long-latency
responses had a latency of 93-130 ms and was pres-
ent only in 30-40% of the subjects. The latency of
both components became less with faster stretches.

A quantitative analysis of the magnitude of the
short latency reflex and the two long latency reflexes
in 10 different subjects is shown in fig 4. The
magnitude of the short latency reflex was greater
than that of the two long-latency reflexes, and than
the short-latency reflex without background force.
The first long latency reflex increased in magnitude
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Fig 3 (A) Responses in lateral gastrocnemius to a dorsiflexion movement while the
subject was exerting 20% force on the platform. A short latency reflex is followed by
two long-latency EMG components. No response is seen in tibialis anterior. Each
trace is an average of 10 trials. (B) Behaviour of the short and long-latency reflexes
(upper part) at decreasing accelerations of stretch (lower part). Each trace is the
average of 10 trials.
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Fig 4 Behaviour of the short and long-latency reflexes
| ‘ ) ) . N | when the subject was exerting background force with
increased acceleration of stretch. The percentage of maximal

force of each component (Mean + 1 SE; n = 10) is plotted
against the acceleration of the stretch. The top graph shows
the behaviour of the short-latency reflex, the middle graph

shows the behaviour of the first long-latency reflex, and the

bottom graph shows the behaviour of the second

\///H long-latency reflex.
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Fig 5 EMG activity recorded with concentric needle electrodes from lateral
gastrocnemius, tibialis posterior and soleus muscles. This is a single trial with
dorsiflexion movement beginning at 50 ms after the onset of the sweep. Different
bursts of EMG activity are present in all muscles at the same latency. The arrow
indicates the short-latency reflex and the bar indicates the onset of the long-latency
reflex which seems to have two components in this trial.

Push

Assist M\'\/\J\/\N

L '

250ms
Fig 6 Behaviour of long-latency reflexes during voluntary
task. In “push’” the subject exerted a plantar-flexion when he
perceived the perturbation, and in “assist” a dorsi-flexion.
In the push task a large EMG component is present after the
long-latency reflexes. Each trace is the average of 10 single
trials. The command to move the pedal came at 50 ms after
the beginning of the sweep.

with increasing acceleration of stretch showing a less
pronounced increase at faster acceleration and
sometimes tended to plateau. The duration varied
from 15-42 ms. The second long-latency reflex had
a greater probability of occurrence and a longer
latency at slow velocity of stretch and tended to
disappear or reduce in magnitude and latency at
faster acceleration. The change in latency was most
dramatic for this component. The duration of the
second long-latency reflex varied from 20-50 ms.

No vibration \/\M_/\/\/\/\\.\_\

Vibration \'\/\/\/\/\/\/\J"\M’\,

e

250 ms
Fig 7 Behaviour of the short and long-latency reflexes
without (upper part) and with vibration (lower part). This is
the average of 10 single trials. The command to move the
pedal came at 50 ms after the beginning of the sweep.

Long-latency stretch reflexes also have been
observed when the position of the hip and the knee
was varied from 90°-120°, but were absent when the
subjects exerted a dorsiflexion torque instead of a
plantarflexion. The dorsiflexion torque also
produced an inhibition of the short-latency reflex.

Long-latency reflexes were always present when
the average of 10 single stretches was performed,
but did not appear to be present on each single
stretch. In two subjects concentric needle electrodes
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Fig 8 Stretch reflex of lateral gastrocnemius with different
duration of stretch. Left side: (A) EMG response with 5° of
pedal displacement (B) EMG response with 10° of
displacement (C) EMG response with 15° of displacement.
(D) is a superimposition of A, B and C. (E) shows the
angular position of the foot in each of the three
circumstances. Right side: (A) EMG response with 3° of
pedal displacement. (B) EMG response with 6° of
displacement. (C) EMG response with 9° of displacement.
(D) is a superimposition of A, B, and C. (E) shows the
angular position of the foot in each of the three
circumstances. Each trace is the average of 10 single trials.
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were used to record EMG activity from soleus,
tibialis posterior, lateral and medial gastrocnemious.
Short and long-latency reflexes appeared in all 11
muscles with the same latency (fig 5).

(B) Voluntary influences In this experiment the
subjects were instructed to plantarflex or dorsiflex
the ankle when they perceived the dorsiflexion per-
turbation. The short and long-latency reflexes did
not vary during these tasks (fig 6). In the push task a
large EMG component came immediately after the
long-latency responses at a latency of about 150-
160 ms. In the assist task the late EMG activity was
considerably reduced or absent, but a large EMG
component was recorded at 150 ms from the tibialis
anterior.

(C) Vibration In six subjects the Achilles tendon
or tibialis anterior was vibrated at various levels of
manual pressure and at various frequencies attempt-
ing to get differential effects on the short-latency
reflex and the long-latency reflexes. The degree of
inhibition was not selective for the different EMG
components but was similar for each component in
every condition (fig 7).

(D) Ischaemia Long-latency reflexes were studied
before and after application of a cuff around the
ankle producing anaesthesia of the foot. The
long-latency reflexes did not show any variation in
magnitude, latency or duration.

EXPERIMENTAL PARADIGM 111
This experiment was undertaken in order to identify
the effect of different duration of stretch on long-
latency EMG responses.

In the first set of these experiments, we compared
the standard 15° movement to movements of 10°
and 5° (left side of fig 8). These stretches had similar

ko

Fig. 9 Interaction of H-reflex with a subsequent stretch reflex. (A) stretch reflex
without background force. (B) small H reflex delivered 30 ms before the stretch. The
small H is present, the stretch reflex is absent. (C) stretch reflex with background
force. (D) small H reflex delivered before the stretch with background force. H reflex
and stretch reflex are both present. (E) stretch reflex with background force (same as
C). (F) maximum H reflex delivered before the stretch with background force. The H
reflex is present, the stretch reflex is absent. Each trace is the average of 10 trials.
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Fig 10 Interaction of stretch reflex with a subsequent H reflex. The stimulus for the
H reflex produced a large artefact in these records and the time of the artefact is
blanked in the illustrations. A-F all without background force. (A) small H reflex.
(B) stretch reflex delivered before a small H reflex. The H reflex is absent, the stretch
reflex is covered by the stimulus artefact. (C) stretch reflex. (D) maximum H reflex.
(E) stretch reflex before a maximum (H.) The H reflex is absent, the stretch is covered
by the stimulus artefact. (F) stretch reflex (same as C). (G) (H), and (I) all with
background force. (G.) maximum H reflex. (H) stretch reflex before the H reflex. The
H reflex is still present. The stretch reflex is covered by the stimulus artefact. (I)
stretch reflex. Each trace is the average of 10 trials.

8 D F H ]400,uv

20ms
Fig 11 Interaction of the H reflex at 30 ms intervals. A, B, C and D all without
background force. (A) small H reflex. (B) stimuli for two small H reflexes are
delivered, but the second H reflex is absent. (C) maximum H reflex. (D) stimuli for
two maximum H reflexes are delivered, but the second one is absent. E, F, G, H all
with background force. (E) small H reflex. (F) stimuli for two small H reflexes are
delivered and the second H-reflex is decreased, but present. (G) maximum H reflex.
(H) stimuli for two maximum H reflexes are delivered but only the first H reflex is
present. The time of stimulus for the H reflex can be noted on the illustration as a
brief downward artefact. Each record is a superimposition of three individual trials.

accelerations but the durations were shorter for the
shorter stretches. The approximate durations of
stretch were 110 ms, 90 ms and 70 ms. The second
long latency reflex was present only with the longest
duration stretch. The second set of experiments
compared stretches of 3°, 6° and 9° which occupied

about 50 ms, 60 ms and 80 ms respectively (right
side of fig 8). The first long-latency reflex was very
small with the stretch of intermediate duration and
became prominent only with the largest stretch.

In another set of experiments, long-latency
stretch reflexes were present in all the subjects with
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long-duration (110 ms) and slow velocity of
stretches (100 degree/s), but were absent with short
duration (50 ms) and fast velocity (250 degrees/s)
stretches.

EXPERIMENTAL PARADIGM IV

(1) A maximal H-reflex produced before an
expected stretch reflex inhibited the stretch reflex
when the interval between the stimuli for the
H-reflex and the stretch reflex was less than 170 ms.
(Since the latency of the H-reflex is approximately
30 ms and the latency of the stretch reflex approxi-
mately 60 ms the latency difference between the
expected responses is 30 ms more than the interval
between the stimuli.) The degree of inhibition
increased as the interval decreased and became
complete when the interval was less than 50 ms. This
was true both at rest and with background force. A
‘minimal H-reflex produced by stimulation at the
time of stretch (interstimulus interval of 0 ms) inhi-
bited the stretch reflex when the ankle was at rest
but had little effect on the stretch reflex when the
subject was exerting background force. Hence for
short interstimulus intervals the only way to get a
stretch response was for the H-reflex to be minimal
and for the subject to be exerting background force
(fig 9).

(2) At rest, a stretch reflex produced before an
expected H-reflex inhibited the H-reflex when the
interval between the stimuli was less than 230 ms.
(The latency difference between the responses was
30 ms less than the interval between the stimuli.)
The degree of inhibition increased as the interval
decreased and became complete even for a maximal
H-reflex, when the interval was less than 110 ms.
When the. subject was exerting background force,
however, a stretch response produced by a stretch
60 ms prior to the stimulation for the H-reflex did
not inhibit even a minimal H-response. Hence for
short intervals a stretch response inhibited a maxi-
mal H-reflex at rest, but not even a minimal H-reflex
with background force (fig 10).

(3) A maximal H-reflex inhibited a second H-reflex
when the interval between the stimuli was less than
200 ms. This was true when the ankle was at rest or
if background force was exerted. For the situation at
rest, the degree of inhibition increased as the inter-
val decreased and became complete when the inter-
val was less than 80 ms. A minimal H-reflex also
inhibited a second minimal H-reflex at a 30 ms
interval when the ankle was at rest. When back-
ground force was exerted, however, a minimal
H-reflex did not inhibit a second minimal H-reflex at
30 ms interval. Hence, for short interstimulus inter-
vals, it was possible to get two successive H-reflexes
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only if there was background force exerted and if the
H-reflex was small (fig 11).

Discussion

STRETCH REFLEX WITHOUT BACKGROUND
FORCE
When the triceps surae were stretched while the sub-
ject’s foot was relaxed on the pedal a single EMG
response was recorded, followed by a pause and
subsequently by another response highly modifiable
by intent. The early response we have called the
short-latency reflex. We refer to it as a “‘reflex” since
it is determined primarily on the basis of the
mechanical parameters of the stretch and the biolog-
ical state at the time of the stretch and is influenced
only little by voluntary intent to modify it. This
short-latency response also has been seen by previ-
ous investigators and the properties are similar.?'°
Some investigators have found that voluntary intent
to modify this response was possible, where we have
found lack of modifiability, but even in their hands
the difference with intent was small.*¢'* The later
response, modifiable by intent, we consider volun-
tary simply because it is modifiable. This division of
reflex and voluntary is simplistic, overlooking poss-
ible complex learned reactions,®'* but it is a useful
division of different types of phenomena and has
been utilised by many previous investigators.?*37 '3
The short-latency reflex has a latency comparable
to the ankle jerk, it increases in magnitude with
increased acceleration of stretch and is completely
suppressed by vibration. These features are consis-
tent with the monosynaptic reflex mediated by
group la afferents, similar to the ankle jerk itself.
The latency is longer than the ankle jerk, but the
stretch stimulus is much slower in onset than is a
tendon tap. Some of this slowness is purely mechan-
ical coming from the delay of the torque motor after
the controlling input, but some could also be biolog-
ical since the rate of muscle stretching is much
slower. The notion that the short-latency reflex is Ia
mediated is supported by the similarity of behaviour
of this response and the H-reflex. The H-reflex has
been demonstrated to result from monosynaptic
activation of alpha motorneurons via la afferents
similar to the tendon jerk.'* The H-reflex is not
identical to the tendon jerk (for example, the dura-
tion of the Ia afferent discharge is different),'” but
the extent to which the H-reflex and the short-
latency reflex are similar is likely to be due to the
dominant Ia afferent effects. The short-latency
reflex can be suppressed by a prior H-reflex and the
H-reflex can be suppressed by a prior H-reflex. The
same excitability curve, similar to that demon-
strated by many previous investigators for two H-
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reflexes,'®"2° has been demonstrated for all these
circumstances. The conclusion that the short-latency
reflex is a Ia mediated monosynaptic reflex is shared
by previous investigators.® '°

STRETCH-REFLEXES DURING BACKGROUND
FORCE

Several successive EMG responses were recorded if
triceps surae was stretched while the subject applied
a plantarflexing torque on the pedal. The first
response, the short-latency reflex, had the same
duration and latency of the short-latency response
obtained without background force. It increased in
magnitude with increased acceleration of stretch and
it was totally suppressed by vibration. Presumably it
was the same response as that seen without back-
ground force.

Following this short-latency response, an initial
long-latency response was present in every subject
and a second long-latency response was present in
40% of subjects. These long-latency responses pre-
ceded another response which was modifiable by
intent and which we consider voluntary. This volun-
tary response was similar to that seen without back-
ground force. The long-latency responses which
appeared before this voluntary response were not
modified by prior instructions and, therefore, can be
considered reflex or automatic components similar
to the short-latency responses.

The behaviour of these long latency responses
with changes in acceleration of the stretch was dif-
ferent from that of the short-latency reflex. In fact
while the short-latency reflex increased in mag-
nitude in a roughly linear fashion, the first long-
latency response showed less pronounced increase
at faster acceleration while the second one tended to
disappear. These components have not been clearly
demonstrated before. Gottlieb and Agarwal®® found
a small response following their short-latency
response which never was comparable in magnitude
with these long-latency responses. In addition, the
behaviour was different in that their second
response continued to increase with increasing vel-
ocity. These long-latency reflexes depended on vol-
untary background force being present when the
stretch was applied. This suggests that the increase
in excitability of the motor neuron pool due to cen-
tral drive is responsible for their appearance.

The long-latency response called the functional
stretch reflex by Melvill Jones and Watt,'' and the
post-myotatic response by Gottlieb and Agarwal®
seems to be analogous to the response which we
have called voluntary. The physiology of this
response has been studied in detail; it depends on
the instruction to the subject and the magnitude of
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perturbating torque and may best be called a “trig-
gered reaction”.*?!

PHYSIOLOGY OF THE LONG-LATENCY REFLEXES
Experiments were undertaken to try to identify the
mechanisms of these late responses and whether or
not they were analogous to the long-latency reflexes
seen by other investigators. The observation?? that
motor neurons of muscles that work closely together
receive Ia projections from each other raised the
question of whether or not these responses could
come from different muscular groups of triceps
surae. Needle recording, however, showed that each
muscular group produced short and long-latency
responses simultaneously with the others. Another
hypothesis is that the long-latency responses are
mediated by cutaneous receptors on the sole of the
foot or by joint receptors in the ankle. Experiments
with anaesthesia at the level of the ankle showed
that the long-latency responses were unchanged
when the input from cutaneous and joint receptors
was eliminated. The conclusion is that receptors in
the muscle itself are mainly involved for these
responses. Marsden et al** reached the same
conclusion for the long-latency responses in
long-flexor of the big toe.

Long-latency responses could be mediated by
group II fibres. We know that they have slower vel-
ocity of conduction than group Ia fibres and that
there is some evidence that they contribute to the
stretch reflex at least in the decerebrate cat.*~2¢
With the spike averaging technique it has been
shown that group II afferents exert excitatory effect
on alpha motoneurons of extensor muscles.?’~32 It
could be argued that group II afferents do not con-
tribute to the long-latency reflexes since these
reflexes are abolished by vibration and vibration
affects mainly Ia afferents. On the other hand, vibra-
tion in man, as opposed to the decerebrate cat,
clearly has some effect on group II fibres.'¢ **** Thus
the group II hypothesis cannot be excluded.

There is a growing body of evidence suggesting
that a ‘“long-loop” circuit through cerebral sen-
sorimotor cortex contributes to those long-latency
reflexes which have been described previously in
upper extremity muscles.**57*® According to Pagni
et al*® the motor conduction time from internal cap-
sule to flexor hallucis longus varies from 26-33 ms
(and this is presumably similar to the time required
to reach to triceps surae). We have recorded cere-
bral evoked potentials to a rapid phasic stretch simi-
lar to Starr et al.*® The latency of the first cortical
wave following our stretch was 50 ms. The esti-
mated trans-cortical loop time should then be
approximately 80 ms. Either of the long-latency
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components, or both, could therefore result from
activity in a trans-cortical loop.

One of the differences between short-latency
reflexes and presumed long-loop reflexes in upper
extremity muscles has been the different behaviour

to vibration. Hendrie and Lee*' showed that in the

wrist the spinal response (M1) can be inhibited by
vibration while the long-latency responses (M2, M3)
are unaffected. Similar results are seen in the human
long thumb flexor (unpublished result by Bielawski
in our laboratory) and in monkeys.** The attempt to
separate the early response from the late responses
by vibration was unsuccessful in the triceps surae. In
addition Marsden et al** showed that it is possible to
remove selectively the spinal component of the
stretch reflex of long-flexor of the thumb by a pre-
ceding tendon jerk. In our experiments a maximal
H-reflex before a stretch eradicated the late compo-
nents as well as the early component. If one of the
characteristics of long-loop reflexes is that of resis-
tance to vibration and preceding monosynaptic
reflex, then this would be evidence against a long-
loop mechanism for the long-latency reflex of triceps
surae.

A final hypothesis for the long-latency reflexes is
that they result from Ia input and spinal circuitry.
Evidence of this type of hypothesis has been
recently produced by Ghez and Shinoda** who
described long-latency stretch reflexes in the triceps
muscle of decerebrate and spinal cats. This mechan-
ism itself is divisible into two possibilities. Either a
single Ia burst of activity produces successive mono-
synaptic and then polysynaptic reflexes, or several
successive Ia bursts may occur each of which pro-
duces a monosynaptic reflex. The polysynaptic
hypothesis would suggest that the late responses
reflect fluctuating levels of excitability in the motor
neuron pool which can arise from inputs acting
through multiple pathways. Ia polysynaptic path-
ways indeed have been demonstrated, and can be
more obvious during action than at rest.***¢ Other
changes in the neural network of the spinal segment
with volition can contribute, for example a change in
Renshaw cell behaviour.** 4’

The possibility that successive Ia bursts can pro-
duce multiple EMG responses recently has been
suggested by Hagbarth, er al*®* who have demon-
strated multiple Ia bursts by direct recording from
human nerves during phasic muscle stretches. Our
results are consistent with the hypothesis of Ia medi-
ation and in particular the possibility of successive
multiple monosynaptic reflexes. Vibration of the
Achilles tendon (or of tibialis anterior) eradicated
all components of the long-latency response as well
as the short-latency response. As we have noted
above, this is consistent with, but does not prove, the
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notion that the responses are all mediated by a simi-
lar input which would be most likely the Ia afferents.
The H-reflex experiments done without background
force show that a stretch behaved like an Ia volley in
producing EMG activity. The H-reflex experiments
done with background force, showed that the motor
neuron pool was able to respond to at least two
inputs at a 30 ms interval. This was seen with a
stretch followed by an H-reflex, and with a small
H-reflex followed by a stretch or a small H-reflex
followed by a second H-reflex. If the initial stimulus
was a large H-reflex, then the second stimulus was
ineffective. This would be consistent with the idea
that our stretch produced a relatively small Ia volley
since it did not inhibit a subsequent H-reflex when
there was background force exerted. Other evidence
that our stretch was equivalent to a small input vol-
ley is that the magnitude of the stretch reflex was
small compared to even a moderate H-reflex.
Hence, if our stretch produced several serial small Ia
volleys, the motor neuron pool should have been
able to respond to each volley. The experiments
with different durations of stretch showed that the
long-latency responses depended on long duration
of stretching. The first long-latency component
depended on the stretching lasting at least 60 ms,
and the second long-latency component depended
on the stretching lasting at least 100 ms. Longer
duration of stretching allows for the production of
additional Ia volleys. We conclude from the H-reflex
experiments and the stretches of different duration
that long-latency responses in the leg depend on
long-duration of stretching and relatively slow
acceleration of the stretch (as well as background
force). This is the reason that Gottlieb and Agar-
wal*® and Kearney® did not observe these
responses.

The quantitative aspects of the long-latency
reflexes become understandable with the assump-
tion that we are dealing with multiple Ia bursts. With
faster accelerations the first long-latency response
begins to plateau and the second long-latency
response disappears. This presumably is due to the
fact that with larger early components the later
components become suppressed; when an early
component uses part of the motor neuron pool, this
part is unavailable for a later component. The ear-
lier appearance of the second long-latency reflex
with respect to the first long-latency reflex, with fas-
ter stretches could be due to an earlier third Ia burst.

The long-latency responses seen in triceps surae
have obvious similarities to long-latency responses
seen in other muscles. The relative latencies of the
components are similar. The frequency of appear-
ance of the first and second long-latency reflex in
triceps surae is similar to the frequency of appear-
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ance of M2 and M3 in wrist flexors and extensors.**’
Another similarity is that a long duration of stretch-
ing is required for later components in the wrist
muscles* as well as in the triceps surae. In addition,
reduction of cutaneous and joint afferent input by
means of ischaemia has been shown neither to
influence the long-latency reflexes in the flexor hal-
lucis longus, nor those in the triceps surae.

There are differences between the long-latency
reflexes found in the triceps surae and those in other
muscles. The effect of vibration is the most distinct
difference. Reduction of cutaneous and joint affer-
ent input, by means of ischaemia, reduces the long-
latency responses in the long-thumb flexor,* while
the responses from the triceps surae are unaltered.
Also, while each long-latency component in the
triceps surae does not appear on each individual
trial, these components do appear regularly after
each stretch of the long-thumb flexor (unpublished
observation by Bielawski in our laboratory).

The differences in physiology of long-latency
reflexes in different muscles shows that all long-
latency reflexes are not the same. The similarities
indicate that some of those mechanisms may be
shared between all the long-latency reflexes. One of
these mechanisms might be the multiple Ia burst
phenomenon which sets a background on which
other mechanisms can operate.
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