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Summary. Small, rapid stretches were applied to the 
soleus muscle during the stance phase of walking by lifting 
the forefoot with a pneumatic device. Stretch responses 
were induced in the soleus muscle by the disturbance. The 
amplitude and time course of the responses from the soleus 
muscle were a function of both the kinematics of the 
disturbance and the time in the step cycle when the 
disturbance was applied. The step cycle was divided into 
16 equal time parts, and data obtained within each of these 
parts were averaged together. The electromyographic 
(EMG) response of the soleus muscle showed a time course 
that was similar to the time course of the angular velocity 
induced by the disturbance at the ankle. Three linear 
equations were used to predict the E M G  response from 
the soleus muscle as a function of the angular kinematics of 
the disturbance: 1) velocity, 2) velocity and displacement, 
3) velocity, displacement and acceleration. Introduction of 
a pure delay between the EMG and the kinematics 
substantially improved the predictions. Most of the vari- 
ance (70%) in the EMG response could be accounted for 
by the velocity of the disturbance alone with an optimal 
delay (average 38 ms). Inclusion of a displacement term 
significantly increased the variance accounted for (85%), 
but further addition of an acceleration term did not. Since 
the velocity of the disturbance accounted for most of the 
variance, the reflex gain was estimated from the velocity 
coefficient. This coefficient increased in a ramp-like fash- 
ion through the early part of the stance phase, qualitatively 
similar to the increase in the H-reflex. Based on these 
identified gains, this reflex pathway was estimated to 
contribute substantially (30% to 60%) to the activation of 
the soleus muscle particularly during the early part of the 
stance phase. 
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Introduction 

Two extreme views of how the nervous system controls 
walking, either exclusively by central circuitry or by 
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reflexes alone, have given way to an intermediate position 
(reviewed in Delcomyn 1980; Grillner 1981). The wealth 
of evidence now suggests that both mechanisms contrib- 
ute to the control of locomotion (Grillner, 1981; Rossignol 
et al. 1988). Information from the periphery can change 
the central rhythm (reviewed in Rossignol et al. 1988) as 
well as contribute to the activation of muscles in locomo- 
tion (Pearson and Duysens 1976; Wolf and Pearson 1988). 
Severin (1970) reported that in the early stages of a 
peripheral nerve block, one can selectively block the 
fusimotor axons. During this time period, the electromyo- 
gram (EMG) of  the triceps surae group dropped by 50%, 
implying that muscle spindle activity contributed substan- 
tially to the activation of this muscle group. This is 
perhaps the only quantitative estimate available for the 
relative contribution of stretch reflexes, although some 
blockage of ~-motoneurons can not be excluded. 

The soleus (SOL) muscle appeared to us to be a good 
candidate with which to address this question of the 
relative role of central versus peripheral mechanisms in 
locomotion. The SOL undergoes an active lengthening 
contraction through most of the stance phase in both the 
cat and human. Since muscle spindle afferents fire during 
this lengthening contraction (Prochazka et al. 1976) and 
since the reflex pathway is open at this time (Akazawa et al. 
1982; Capaday and Stein 1986; Crenna and Frigo 1987), 
muscle spindles could contribute to the activation of the 
SOL. 

Two questions are addressed in this paper. First, are 
the results from H-reflex studies (Capaday and Stein 1986; 
Crenna and Frigo 1987) representative of the response to 
more realistic disturbances? Only electrical stimuli (e.g., 
the H-reflex) and very brief mechanical stimuli (e.g. tendon 
taps, see Llewellyn et at. 1986) have been used to test the 
myotatic reflex arc in human walking. Such stimuli elicit 
brief, synchronous afferent volleys, and therefore tend to 
be unphysiological. The afferents primarily responsible for 
the H-reflex are thought to be group Ia fibers from muscle 
spindles (Magladery et al. 1951). Since Ia afferents are 
velocity sensitive, a mechanical disturbance which 
stretches the muscle unexpectedly should activate these 
afferents, as might occur naturally when walking on 
uneven surfaces. Responses to mechanical stretches 
could then be compared with those to electrical stimu- 
lation. 
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Second, if the reflex pa thway is indeed open dur ing the 
stance phase, how much does it contr ibute  to the activa- 
t ion of the SOL muscle? This quest ion might  be addressed 
by using methods  of system identification. The relation- 
ship between the input  (muscle stretch) and  output  ( E M G  
response) to a mechanical  d is turbance could be deter- 
mined  for the SOL muscle abou t  an operat ing point,  for 
example, a specific time point in the walking cycle. Repeat- 
ing this procedure for different times in the walking cycle 
could then provide the time course of this relationship, a 
measure of reflex gain. This method  is valid, so long as the 
system can be considered to behave linearly. The assump- 
t ion that the system is l inear is reasonable for: 1) a 
restricted operat ing point  (i.e., a limited range of ankle 
jo in t  posi t ion and  bias torque, see Got t l ieb  and  Agarwal 
1978; Weiss et al. 1986), 2) a l imited range of dis turbance 
ampli tudes  (Kearney and  Hun te r  1983) and 3) disturb-  
ances spaced adequately in time (Aldridge and  Stein 1982). 

Reflex gains identified in this way should be representat-  
ive of those in normal  walking, so long as the velocity of 
the mechanical  stretch is close to the rate of stretch 
normal ly  experienced in walking. The propor t ion  of SOL 
E M G  in walking that  results from muscle stretch can be 
obta ined  by mul t ip lying the reflex gain and  the velocity of 
stretch of the SOL muscle at a part icular  time in a walking 
cycle. A quant i ta t ive  value can then be estimated for the 
relative con t r ibu t ion  of peripheral  versus central mech- 
anisms in walking, at least for the act ivat ion of the SOL 
muscle. 

Methods 

Device for applyin9 muscle stretch 

It is technically difficult to apply mechanical disturbances to the 
triceps surae group during walking because of the extremely high 
torques this muscle group generates (Winter 1987). A pneumatic 
device was designed to apply a stretch to the SOL muscle by rapidly 
lifting the forefoot off the ground during the stance phase of walking. 
Two double-acting air cylinders (Clippard Instruments Laboratory 
Ltd., Cincinnati, Ohio) were mounted on a U-shaped aluminum 
plate (11.5 cm x 7 cm x 5 cm), which could be attached to the 
subject's shoe. The cylinders contain 2 air chambers that are 
separated by a piston. The position of the piston and its attached 
pushrod was determined by the difference in air pressure between the 
two chambers. Each chamber could be connected to either com- 
pressed air or vented to atmosphere. Compressed dry air was 
regulated from 20 MPa to 1700 kPa (the tolerance of the air cylin- 
ders), using an L-TEC variable regulator. The pathway of airflow 
was controlled by a 4-way solenoid air valve (Ascolectric Ltd., 
Brantford, Ontario), as shown in Figure 1. The air valve controlled 
which chamber the compressed air was directed to and which 
chamber was vented to atmosphere. When the compressed air was 
directed to the bottom chamber, the pushrod and piston would 
assume a high position (Fig. 1A), and the parallelograms would not 
disturb walking. When the compressed air was directed to the top 
chamber, the pushrod would assume a low position (Fig. 1B), and the 
parallelogram would lift the forefoot off the ground. This in turn 
dorsiflexes the ankle and stretches the SOL muscle. Note that 
parallelogram structures, one on each cylinder, were driven by the 
pistons and pushrods of the cylinders to distribute the forces evenly 
as the lifting occurred. The total apparatus added approximately 
1.5 kg of mass to the subject's shoe. 
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Fig. 1A, B. This schematic diagram illustrates how the airflow 
controlled the position of the cylinders. The cylinders contained 2 air 
chambers that were separated by a piston. Each chamber could be 
connected to the compressed air (pressure) or vented to atmosphere 
(exhaust). A 4-way solenoid air valve controlled this connection. 
When the compressed air was directed to the bottom chamber while 
the top chamber was vented to atmosphere (as shown in A), the 
piston and its attached pushrod assumed a high position, which did 
not disturb walking. Note the lengh of the phshrod (arrow) exposed 
above the cylinder. To apply a disturbance, the pathway of airflow 
was switched (by the electrically operated air valve) so that the 
compressed air was now directed to the top chamber and the bottom 
chamber was vented to atmosphere (B). This causes the piston and 
pushrod to assume a low position, as seen by the reduced length of 
the pushrod exposed above the cylinder. The forces are transmitted 
via a parallelogram structure that lifts the forefoot, resulting in a 
sudden dorsiflexion of the ankle 

Experimental procedures 

Surface EMGs were recorded from the SOL and tibialis anterior 
(TA) muscles with Beckman type disk electrodes (8 mm in diameter). 
The raw signal was bandpass filtered (10 Hz to 10 kHZ), full-wave 
rectified and low-pass filtered at 30 Hz. The ankle angle was moni- 
tored with a goniometer. The goniometer was attached to the leg 
with elasticized velcro straps to prevent slippage. A footswitch 
attached to the heel of the shoe indicated the time of heel-contact 

Subjects walked on the treadmill at 4 km/h, first without the 
device to determine their EMG and ankle angle excursion during 
normal walking, and then with the device on but with no application 
of disturbances, to determine whether wearing the device altered 
their walking. The ankle angle and EMG associated with walking 
were averaged on-line from the time of heel-contact (approximately 
30 strides were averaged for each condition). 

Disturbances were then applied during the stance phase, about 
one every one to four cycles, in a random fashion so that the subjects 
could not anticipate which steps and what part of the stance phase 
would be disturbed. A total of approximately 120 disturbances were 
applied. The raw EMG, ankle angle, footswitch and stimulus trigger 
were recorded on magnetic tape for off-line analysis. 

Data analysis 

Data were averaged as a function of the time the disturbance 
occurred in the step cycle. The step cycle was divided into 16 equal 
segments in time, starting from the time of heel-contact (each 
segment was approximately 60 70 ms duration). Ankle angle and 
EMG data associated with stimuli which occurred within one of the 
segments were averaged together (approximately 20 disturbances per 



segment). Averaging was initiated by the electrical pulse that trig- 
gered the solenoid valve to switch states. These averages represent 
the time course of responses to the disturbances superimposed on the 
profile associated with undisturbed walking (see for example, Fig. 3). 
The appropriate protile of undisturbed walking was subtracted from 
the total average to obtain the portion of the average associated with 
the response to the disturbance alone. The profiles for undisturbed 
walking were obtained from steps during the experimental trials in 
which no perturbations were applied. Care was taken to exclude 
steps that followed immediately after a perturbed step in case the 
subjects were still making some corrections in their walking. These 
subtracted responses from the first six segments of the walking cycle, 
which corresponded to the first 50% to 60% of the stance phase, 
were used in the subsequent analyses. 

] h e  time course of ankle displacement generated by the disturb- 
ance, obtained from each of the first six parts of the stance phase, was 
differentiated after digital smoothing to obtain the velocity and 
acceleration profiles. [ 'he corresponding EMG responses were digi- 
tally filtered in exactly the same way to preserve the timing relation- 
ship between the two signals. Linear models of the form: 

EMG(t) = a 0 + a2 ~,(t ) (1) 

EMG(t) = ao + a~ x(t)+ az~(t) (2) 

EMG(t) = a,, + at x(t)+ az~( t ) -  a~Y,(t) (3) 

were used to tit the data from each of the six segments of the stance 
phase, separately. EMGIt) is the average EMG response to the 
disturbance at time t, x(t), k(t), and ~(t) arc the average displacement, 
velocity and acceleration of the ankle in response to the disturbance 
at time t. respectively, a 0, a], a_, and a 3 are constants estimated by an 
algorithm which minimized the sum of squared differences between 
the model and the data, using a gradient search method that selects 
the slope of steepest descent (Stein ctal. 1988). The coefficients a x, a 2, 
and a3 were constrained to be positive, whereas a 0 could assume any 
value. The goodness of fit was quantified by the proportion of 
variance accounted for (VAF) by the fitted curve: 

VAk'= 1 ~-z. x l 0 0  (4) 

~ (Mi-:'~Y/ 
j - I  

where Pj is the predicted EMG response for time j, Mj is the observed 
EMG response at time j, and t~ is the overall average of the observed 
EMG over the 200 ms window: 

t l  j - I  

Better fits were obtained if a pure delay was introduced to 
account for the transmission time required between the disturbance 
and the response. The delay time which resulted in the maximum 
variance accounted for was defined as the optimal delay, and was 
determined iteratively for each of the models. 

Since good fits were generally obtained by using model 1 (i.e. the 
velocity-sensitive model), the coefficient associated with the velocity 
term, a_,, was used to estimate the contribution of a velocity sensitive 
element to the activation of the SOl, during early stance. The 
velocity of dorsiflcxion during undisturbed walking was multiplied 
by this cocffcient a , ,  identified at the corresponding time in the 
stance phase, to estimate this contribution. 

Results 

Effect of wearing the device 

Generally, wearing the device did not alter the walking 
pattern substantially. The duration of the stcp cycle was 

681 

8O 
S o l e u s  

, / : q  - with device 

v . ... without device 

0 

180 - 

Tibialis Anterior 

0 

k J  

0 ! .4 
T Woik !ng  Cyc le  T i m e  (s )  l 
HC HC 

Fig. 2. ' [he soleus and tibialis anterior EMG associated with tread- 
mill walking in one subject, with normal footwear (dotted lines) and 
with the pneumatic device on but with no disturbances applied (solid 
lines). Each condition represents an average of 50 strides. The 
horizontal axis represents time in the walking cycle starting from 
heel-contact (HC) and ending with heel-contact. Wearing the pneu- 
matic device caused a slight shortening of the stance duration (note 
the slight phase shift in the EMG's) and required slightly more 
tibialis anterior activity to control the added weight 

shortened slightly in some subjects, and thc amplitude of 
the TA activity was slightly increased to control the 
additional weight (Fig. 2). In some subjects, the ankle was 
slightly (approximately 3') more plantarflexed over the 
step cycle when wearing the device; no other changes were 
observed in the ankle trajectory. 

I~ffect of the disturbance 

The time course of ankle dorsiflexion is shown in Fig. 3 
(top traces) for the first segment of the stance phase in one 
subject. The average trajectory of the ankle angle is shown 
for disturbed and undisturbed trials superimposed. The 
difference between the two trajectories representing the 
effect of the disturbance is shown on the right. Note that 
the electrical event that triggered the averaging (i.e., the 
beginning of the trace) occurred slightly before heel- 
contact. The mechanical disturbance was initiated approx- 
imately 130 ms later. This time delay between the electrical 
event and the mechanical event was the time required for 
the compressed air to travel from the air tank to the 
cylinders. Generally, the disturbance was ramp-shaped 
with a peak amplitude of between 3 to 9 degrees depending 
on the subject, and a time to peak of approximately 
100 ms. The peak amplitude of the disturbance varied 
between subjects because the device generated a fixed 
vertical displacement of the forefoot. The angular displace- 
ment at the ankle was a function of the distance from the 
pneumatic device to the axis of the ankle joint, a distance 
that varied with the size of the subject's foot. The peak 
velocity of stretch was on average 40 to 100 deg/s, similar 
to the peak velocity of ankle dorsiflexion observed during 



682 

the stance phase of  walking in these same subjects. The 
corresponding E M G  averages are shown in the middle 
and bo t tom traces of Figure 3. The subtracted responses 
showed an early excitation in the SOL  which was followed 
by a response in the TA and a second excitatory response 
in the SOL. The first excitation observed in the SOL will 
be referred to as the early response. The exact latencies of 
these responses are difficult to determine from data  such as 
shown in Fig 3, because the time course of the change in 
ankle angle is not  abrupt.  The latencies are better exposed 
by fitting the whole time course of the E M G  response to 
the angular  velocity (described later). 

All subjects showed an early excitatory response from 
the SOL muscle and a later excitatory response from the 
TA. Some differences were noted between subjects in the 
time course of the SOL response. Two extreme examples 
are shown in Fig. 4. The subject in A showed a single burst 
of SOL E M G ,  while the subject in B showed a double 
burst. The SOL response in the first subject clearly re- 
sembled the velocity profile of the disturbance. The double 
burst of  the SOL E M G  shown in Fig. 4B obviously 
deviates from the single peak observed in the angular  
velocity. Nevertheless, the overall durat ion of the excit- 
a tory  response, the rate of rise and fall of  the E M G ,  the 
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Fig. 3. A Responses to the 
disturbance (solid lines) are 
superimposed on the profiles 
associated with undisturbed 
walking (dotted lines) for one 
subject. These represent an average 
of 20 trials which were elicited 
during the early part of the stance 
phase. Note that the electrical 
event that triggered the averaging 
occurred slightly before heel- 
contact (HC). B Responses to the 
disturbance after subtraction of the 
profile associated with undisturbed 
walking (i.e., subtracting the dotted 
line from the solid line in A). The 
disturbance produced a rapid 
ramp-like stretch of the ankle, with 
a peak displacement of 9 degrees in 
this case, and a time-to-peak of 
approximately 100 ms. The soleus 
muscle was activated at a short 
latency and the tibialis anterior at 
a longer latency 

A 
6 ~ 

~ 0 
I1) 

123 

- 6  

61 

o 
&) 

r m  

- 8 0  L 

1--. 30 S o l e u s ~  ~ - ~  

/ 
Time (ms) - 3 0 t  

B 
5 Displacement 

-5  
6O 

I / , ~ . ~  Velocity 

36(1 

Time (ms) 
-50 

Fig. 4A, B. Two subjects 
(shown in A and B 
respectively) demonstrate 
differences in the response 
observed between subjects. All 
traces represent subtracted 
responses (as in 3B). The 
velocity traces were obtained 
by differentiating the 
displacement (top traces) after 
digital filtering. The soleus 
muscle responded at a short 
latency in both cases, but the 
subject in A showed a single 
soleus burst while the subject 
in B showed a double burst 
(EMG bursts are indicated 
with arrows). Interestingly, the 
overall profile of both 
responses resembled the 
velocity of the disturbance 
qualitatively 



subsequent inhibitory and excitatory responses all quali- 
tatively resembled the velocity profile. 

The peak displacement generated was a function of the 
time in the step cycle (Fig. 5). Larger displacements could 
be generated in the early part  of  stance when the plantar-  
flexor torque was low. As the ankle rotated over the foot, 
the moment  arm length of  the disturbance force about  the 
ankle joint  is reduced and the device could no longer 
generate enough torque to counteract  the increasingly 
high plantarflexor torque of  push-off, even though the 
force generated was sufficient to lift the body. 

Fitting the models to the data 

Three examples of  individual fits are shown in Fig. 6, for a 
dura t ion of  200 ms starting from the beginning of the 
E M G  response. These represent a range of  extremely good  
( >  90% variance accounted for) to moderately good (be- 
tween 70 -80% variance accounted for) fits using the 
velocity sensitive model  alone, and a n  optimal pure delay. 

O~ 
(P 

o 
r,o 

- -  Disturbed 
A n k l e  A n g l e  ...... 

C o n t r o l  

Hci 

�9 . . . . , . 

�9 . , "  . . . . .  , - , . . 

0 200 400 600 800 1000 

T i m e  ( m s )  

Fig. 5. The pneumatic device was effective at dorsiflexing the ankle 
only during the first 50% to 60% of the stance phase. Each of the 
traces represent the trajectory of the ankle angle obtained from a 
particular part of the stance phase in one subject, starting with 
disturbances that occurred in the beginning of stance (top trace) to 
those that occurred at the end of stance (bottom trace). The solid 
lines represent averages of disturbed trials (approximately 20) while 
the dotted lines represent the corresponding trajectories of un- 
disturbed walking (average of more than 100 steps). Each trace 
begins at the time the electrical trigger is sent to the solenoid valve. 
Note that there is a pure delay of approximately 200 ms between the 
beginning of the electrical trigger and the application of a perturba- 
tion (a deviation between the solid and dotted lines). The data are 
shown for a time interval of 1 s, much longer than the interval used in 
subsequent analyses, to illustrate the total time course of the 
response. Note also that the total cycle duration was somewhat 
longer than 1 s in this particular subject (approximately 1.3 s) 
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A pure delay between the kinematic and E M G  re- 
sponses substantially improved the fit for all subjects. The 
optimal delay, averaged across 7 subjects is shown in 
Fig. 7A for each of  the models. These delays are in the 
range expected for segmental reflexes of  the fastest con- 
ducting fibres. The optimal delay did not  vary systemati- 
cally with time in the walking cycle. An average of  70~ of  
the variance could be accounted for by the velocity 
sensitive model  alone (Fig. 7B). The addit ion of  a length 
sensitive term improved the fits significantly (p<0.05 ,  
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Fig. 6A-C. The response of the SOL muscle was well predicted by 
the velocity sensitive model (i.e., model 1) in most cases. Examples 
from three different subjects are shown for a duration of 200 ms 
starting from the beginning of the EMG response. In A, 97% of the 
variance was accounted for by this model. In B, the SOL responded 
with a double burst which was not reflected in the velocity trajectory. 
This only resulted in a slightly worst fit than that in A (93 % variance 
accounted for). In C, the response deviated from the velocity 
somewhat more, resulting in 79% of the variance accounted for by 
this model 
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repeated measures ANOVA). Further addition of an accel- 
eration term did not improve the fits significantly. The 
response of isolated muscle spindles from cats is well 
approximated by a first order lead system with a length 
and velocity dependence and a break frequency (i.e., the 
frequency at which the contribution of length and velocity 
is equal) of approximately 2 Hz (Matthews and Stein 
1969). Human muscle spindles behave in a similar way 
(Poppele and Kennedy 1974). The coefficients al and a2, 
identified based on model 2, were used to determine the 
break frequency from the current data using the following 
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Fig. 7. A The optimal delay, averaged across all subjects ranged 
between 22 to 38 ms for the three models, well within that expected 
for a segmental reflex. One standard error is shown about the mean. 
B Most of the variance (70%) in the SOL EMG was accounted for by 
model 1, which was sensitive to velocity alone. Adding a length 
dependence (model 2) reduced the unexplained variance by a further 
15 %, while adding an acceleration dependence did not significantly 
improve the fits further. C The SOL EMG response was well 
predicted by the velocity sensitive model (model 1) over a wide range 
of response durations. Deteriorations in the fits were noted only 
when more than 200 ms of data were included 

equation: 

fb = al/27ca2 (5) 

where fb is the break frequency. Seventy percent of all trials 
provided break frequencies between 0.5 and 4 Hz, close to 
that reported for isolated muscle spindles. 

The duration over which the fits were obtained was 
varied systematically from 100 to 250 ms measured from 
the beginning of the response. No  significant degradation 
in the fits were observed until more than 200 ms of data 
were included (Fig. 7C). This suggests that triggered re- 
sponses of longer latency and more distant pathways (e.g. 
Nashner 1980; Marsden et al. 1983; Dietz e al. 1987) start 
to emerge after 200 ms. 

Since the velocity-sensitive model accounted for most 
of the variance, this model was used for the following 
calculations. The velocity coefficient (i.e., a 2 in Eq. 1) can 
be regarded as a measure, of reflex gain. Reflex gain is 
operationally defined here as the relationship between the 
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reflex gain. This gain increased as a function of time in the stance 
phase. Time segment one corresponds to the beginning of the stance 
phase. Open circles represent the mean across 7 subjects -+-1 
standard error. B Multiplying each of the gains from part A with the 
corresponding velocity of ankle dorsiflexion in undisturbed walking 
provides an estimate for the contribution of a velocity-sensitive 
element to the activation of the SOL muscle (open circles). The solid 
circles represent the SOL EMG amplitude associated with normal 
walking, averaged across the subjects (4- 1 standard error). Between 
30% and 60% of the SOL EMG in early stance is estimated to result 
from muscle stretch. No estimate is shown for the first and second 
segments of the stance phase because the SOL was shortening during 
this time as the foot is lowered to the ground 
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input (the velocity of stretch) and the output (the response 
of the SOL as reflected in the EMG). This gain, shown 
averaged across the seven subjects in Fig. 8A, clearly 
increases over the early part of the stance phase. When this 
gain is multiplied by the corresponding velocity of ankle 
dorsiflexion during the stance phase in undisturbed walk- 
ing, the contribution of a velocity sensitive element is 
obtained (Fig. 8B, open circles). We estimate that afferent 
activity associated with stretch velocity contributes to 
between 30% and 60% of the amplitude and 46% of the 
area of SOL EMG (filled circles in Fig. 8B) during early 
stance. Note that the SOL shortens during the first 100 ms 
of the stance phase as the foot is lowered to the ground. 
During this period of muscle shortening, no contribution 
from a velocity-sensitive element is expected. 

Discussion 

Technical considerations 

The use of transient inputs such as a ramp have been 
criticized for: 1) being limited in content to lower frequen- 
cies, and 2) generating voluntary responses (Hunter and 
Kearney 1982). Our primary aim here was to estimate the 
contribution of peripheral afferents during normal walk- 
ing. The transient inputs need only to contain frequency 
components in the range normally encountered during 
walking, which are generally very low (Winter 1987). The 
disturbances applied generated peak velocities ranging 
from 40 to 100 deg/s of dorsiflexion, similar to velocities 
normally experienced by the SOL in the stance phase. The 
response of most subjects were well fitted with the simplest 
model sensitive to velocity alone (Eq. 1 in the Methods). 
Voluntary responses did not appear until after 200 ms 
from the beginning of the response, after which the fits 
started to deteriorate. Two subjects, however, did show 
earlier responses (after 100ms) that deviated from the 
velocity profile, suggesting that voluntary or triggered 
responses were of substantial size in these two subjects. 
Disturbance patterns of a more random nature would be 
desirable to minimize voluntary responses (Hunter and 
Kearney 1982). This remains technically difficult to elicit 
reliably during walking, but would be useful in the future 
to verify the current findings. 

The identification method used here assumes that the 
system is linear about each operating point (i.e. each time 
segment in the step cycle). The time segments were 60 to 
70 ms in duration, on average. Over this time span in 
walking, the background EMG in the SOL varied by 7/~V 
and the ankle angle by 2 degrees, on average. Based on the 
findings obtained under isometric conditions, such small 
variations in position and activation levels were not 
associated with large changes in the reflex amplitude 
(Weiss et al. 1986). Moreover, if the responses were highly 
non-linear, linear models such as those used here would 
not be expected to provide good fits to the data. 

The responses from the TA were not analyzed further 
because they were not central to the questions addressed in 
this paper. From a functional point of view, however, the 
TA burst is quite interesting. The mechanical disturbance 

created by lifting the forefoot during stance has a tendency 
to cause a posterior sway of the body. To maintain 
forward progression in walking, the functionally appropri- 
ate response would be to activate the TA. This functionally 
appropriate response appeared after the initial stretch 
response in the SOL, in a fashion analogous to those 
reported for a similar disturbance applied during standing 
(Nashner 1982). 

What is the origin of the response? 

A mechanical disturbance of this nature probably activa- 
tes a variety of sensory afferents. Muscle stretch could 
activate both primary and secondary muscle spindle af- 
ferents as well as Golgi tendon organs. Pressure applied to 
the forefoot by the disturbance likely activates cutaneous 
afferents, and the resulting joint motion may also activate 
joint receptors. The earliest responses are most likely of 
segmental origin, although the population of afferents 
responsible is more difficult to determine. 

The early responses (recorded within 200 ms from the 
beginning of the response) resembled the velocity profile 
very closely, often reflecting small irregularities of the 
disturbance, not unlike those reported under static and 
slow dynamic conditions (Gottlieb and Agarwal 1979; 
Kearney and Hunter 1983). The early response was de- 
layed with respect to the velocity profile by an average of 
38 ms, well within the conduction time expected for large 
afferent fibres. Moreover, the coefficients identified based 
on model 2 agreed well with that expected of muscle 
spindles (i.e., a break frequency between 0.5 to 4 Hz). While 
it is impossible to determine definitively which afferents 
are responsible for these responses, the velocity and length 
sensitive nature of the responses suggest that group Ia and 
II afferents might be primarily responsible (Matthews and 
Stein 1969). The monosynaptic excitation from group II 
afferents to motoneurons is considerably weaker than that 
of the group Ia (Lundberg et al. 1977) and probably 
contributed little to the early responses seen here. Whether 
the more complex polysynaptic pathways from group II 
afferents (Lundberg et al. 1987) contributed significantly to 
these responses is unclear, and beyond the scope of this 
paper. It is likely, however, that the responses observed 
here were dominated by velocity sensitive group Ia fibres, 
because the majority of the variance in the EMG response 
could be accounted for by the velocity of the disturbance 
alone. Indeed, it is interesting that the reflex gain of the 
SOL increased over the early part of the stance phase in a 
ramp-like manner, qualitatively similar to the behavior of 
the H-reflex (Capapday and Stein 1986; Crenna and Frigo 
1987). 

Not all subjects showed responses that faithfully re- 
flected the velocity profile. The most common deviation 
was a double-burst of EMG that was not preceded by any 
such variation in the velocity of the disturbance (e.g., 
Fig. 4B). The second burst of EMG could be associated 
with afferent populations that have a slightly slower 
conduction velocity than the Ia fibres such as the group II 
(Matthews 1986) or large cutaneous afferents. Alter- 
natively, small mechanical vibrations that might have 
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accompanied the disturbance but were not measurable 
with the goniometer could trigger later responses, such as 
those reported for mechanical disturbances of the wrist 
(Hagbar th  et al. 1981). Finally, long-loop reflexes or 
triggered responses could contribute to the second burst of 
E M G  (Marsden et al. 1983). Interestingly, the general 
profile of the response remained qualitatively similar to 
the velocity of the disturbance (Fig. 6B). 

Functional significance 

The early stretch induced response is of short latency 
(average latency of 38 ms) and the gain of the reflex arc is 
modulated in a similar way to that of the H-reflex, at least 
through the early part  of the stance phase tested here. 
These findings are in agreement with those obtained using 
tendon tap (Llewellyn et al. 1986), and other mechanical 
devices to induce stretch (Yang et al. 1990). The results are 
somewhat different from those obtained by Dietz et al. 
1987. Dietz and colleagues applied mechanical perturba- 
tions by suddenly accelerating or decelerating a treadmill. 
The velocity of stretch applied to the ankle with their 
method was similar to those used here, yet they failed to 
elicit the short latency responses during walking that we 
saw regularly. Reflexes associated with muscle spindle 
behavior (i.e., the H-reflex, tendon jerks and stretch re- 
flexes) in walking have all shown that the reflex is inhibited 
at the beginning of the stance phase and again in the swing 
phase (Capaday and Stein 1986; Crenna and Frigo 1987; 
Llewellyn et al. 1986). Dietz and colleagues applied dis- 
turbances at the very beginning of the stance phase, a time 
when the reflex gain is extremely low. Perhaps the low 
reflex gain at this time resulted in the absence of an early 
response. However, even during the very early part  of the 
stance phase, short latency responses were clearly elicited 
in most of our subjects. The reason for the discrepancy 
between the two studies remains unclear. 

We suggest that a velocity sensitive element contrib- 
utes substantially to the activation of the SOL muscle 
through the early stance phase when the muscle is actively 
stretched. The current estimates suggest that between 30% 
to 60% of the early SOL activity could come from 
velocity-sensitive peripheral afferents. These estimates 
must be qualified by the limitations of this study. First, it is 
assumed here that the responses are linear. We cannot rule 
out the possibility that these responses reflect more com- 
plex, non-linear phenomenon. Secondly, it is possible that 
the afferent information associated with normal walking is 
processed differently from that associated with unexpected 
disturbances. If  this is the case, the direct application of 
gains identified from unexpected perturbations to normal 
undisturbed walking may be inaccurate. Finally, the con- 
tribution from other afferents cannot be estimated at this 
time, but could further contribute to the activation of the 
SOL. In spite of these difficulties, it is interesting to note 
that Severin (1970) predicted from a completely different 
approach of blocking conduction in the fusimotor axons, 
that muscle spindle acitivity contributed approximately 
50% to the activation of the triceps surae group during 

walking in the mesencephalic cat. His estimate falls within 
the range predicted here. 

A quantitative value has been placed on the relative 
contribution of peripheral versus central mechanisms in 
locomotion, albeit limited to the activation of a single 
muscle. We suggest that peripheral afferents not only 
signal unexpected disturbances (Dietz et al. 1987) and 
allow transition between phases in walking (Grillner and 
Rossignol 1978; Pearson and Duysens 1976), but they also 
contribute to the activation of a muscle on an on-going 
basis during walking. 
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