
Cutaneous reflexes are altered during human activities such
as cycling (Brown & Kukulka, 1993) and walking (Van
Wezel et al. 1997; Zehr et al. 1998). Whether increased
somatosensory receptor discharge contributes to these
alterations is not clear. The matter needs clarification, to
delimit the control sources accounting for the movement-
induced reflex modulation.

Reflexes arise from stimulation of cutaneous nerves of the
human leg at non-nociceptive intensities. They are
expressed as excitatory and inhibitory responses in many
leg muscles (Duysens et al. 1996). Typically, latencies of
excitatory responses occur as early as 45 ms post-stimulus,

with inhibitory response latencies in some muscles ranging
between 70 and 120 ms (Duysens et al. 1993). There are
individual differences in reflexes between muscles (arising
from stimulation of different nerves), i.e. local signs (for
review, see Brooke et al. 1997a). Both types of response, EL
and ML, are modulated during active movements such as
walking and pedalling, compared with responses obtained
when subjects sit or stand (see review, Brooke et al. 1997a).
Activity of the muscle is necessary in most cases for the
reflex response to be observed in the electromyogram
(EMG). As the reflex response is related to the position of
the limb in the cycle of movement (Yang & Stein, 1990;
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1. Four experiments tested the hypothesis that movement-induced discharge of somatosensory
receptors attenuates cutaneous reflexes in the human lower limb. In the first experiment,
cutaneous reflexes were evoked in the isometrically contracting tibialis anterior muscle (TA)
by a train of stimuli to the tibial nerve at the ankle. The constancy of stimulus amplitudes
was indirectly verified by monitoring M waves elicited in the abductor hallucis muscle. There
was a small increase in the reflex excitation (early latency, EL) during passive cycling
movement of the leg compared with when the leg was stationary, a result opposite to that
hypothesized. There was no significant effect on the magnitude of the subsequent inhibitory
reflex component (middle latency, ML), even with increased rate of movement, or on the
latency of any of the reflex components.

2. In the second experiment, the two reflex components (EL and ML) elicited in TA at four
positions in the movement cycle were compared with corresponding reflexes elicited with the
limb stationary at those positions. Despite the markedly different degree of stretch of the leg
muscles, movement phase exerted no statistically significant effect on EL or ML reflex
magnitudes.

3. In the third experiment, taps to the quadriceps tendon, to elicit muscle spindle discharge,
had no effect on the magnitude of ML in TA muscle. The conditioning attenuated EL
magnitude for the first 110 ms. Tendon tap to the skin over the tibia revealed similar
attenuation of EL.

4. The sural nerve was stimulated at the ankle in the fourth experiment. TA EMG reflex
excitatory and inhibitory responses still showed no significant attenuation with passive
movement. Initial somatosensory evoked potentials (SEPs), measured from scalp electrodes,
were attenuated by movement.

5. The results indicate that there is separate control of transmission in Ia and cutaneous
pathways during leg movement. This suggests that modulation of the cutaneous reflex
during locomotion is not the result of inhibition arising from motion-related sensory receptor
discharge.
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Duysens et al. 1990, 1996) and does not appear to relate
directly to the excitability of the motoneuronal membrane,
as reflected by the ongoing EMG, it has been speculated
that the reflex modulation arises from control by central
pattern generating circuits (Duysens et al. 1990, 1996).
However, information on the role of motion-related sensory
discharge has not been available, a deficit that has recently
been specifically noted (Duysens et al. 1996). Remedying
this deficit was the focus of the present work.

Sensory receptors discharge in muscle, tendon and joint due
to movement. This discharge has been strongly associated
with reflex gain attenuation and with phasic modulation for
I a monosynaptic autogenic reflexes, as evidenced by
modulation of H reflex magnitudes (see the review of
Brooke et al. 1997a). Passive movement of the leg (Misiaszek
et al. 1995a; Brooke et al. 1995a) or leg segments (Brooke et
al. 1993) is associated with very powerful attenuation of the
magnitude of the reflex excitation, even to complete
suppression in some cases. Phasic discharge of the muscle
spindle activated by the movement appears to be a
significant initiator of this attenuation (Cheng et al. 1995a,b;
Misiaszek et al. 1995b). Premotoneuronal, probably
presynaptic, inhibition has been strongly implicated in this
proprioceptive reflex attenuation (Misiaszek et al. 1995a;
Cheng et al. 1995b). Experiments on acute anaesthetized
dogs (Misiaszek et al. 1995b) and on humans (Brooke et al.

1995b) have shown that the attenuation can be elicited over
a spinal route.

It seemed likely that such movement-induced modulation
could also be contributing to the regulation of the longer
latency reflexes arising from activation of the cutaneous
afferents in the leg. There is early work showing that
nociceptive cutaneous reflexes are modulated by passive
movement in spinally injured patients (Dimitrijevic &
Nathan, 1968). The present study tested the same hypothesis
but for the response to non-nociceptive stimuli presented to
cutaneous fibres in the tibial or sural nerve at the ankle of
the adult, healthy human.

In the first experiment, the proposition was tested that
attenuation of the cutaneous reflex EMG activity is
correlated with the angular velocity of movement of the leg
(and therefore the rate of muscle spindle discharge). Stimuli
were delivered at the point in the movement where the knee
was most fully flexed. The movement was elicited passively,
with a motor driving an ergometer pedal to which the
subject’s foot was attached. In this way the influence of the
descending commands for active muscular generation of the
movement pattern were removed. So that the reflex could be
observed in the tibialis anterior muscle, that muscle was
tonically contracted voluntarily by the subject throughout
the leg movements.

The results of the first experiment clearly failed to support
the hypothesis. Very little effect of movement velocity was
observed in the reflex activity. This suggested that there is a
fundamental difference between the movement-induced

modulations of autogenic I a and of cutaneous afferent
reflexes. The issue was studied with two further techniques.
The propositions were tested that (a) the cutaneous reflex
activity is modulated over the cycle of slow passive pedalling
movement (putatively reflecting the discharge of a set of
somatosensory receptors activated at particular phases in
the movement cycle), and (b) stretch of the quadriceps
muscle by tendon tap elicits sustained attenuation of the
cutaneous reflex activity (as in the case of soleus H reflexes;
Cheng et al. 1995a).

Neither of these propositions were supported by the data.
Thus, cutaneous and H reflexes appear to be conditioned
quite differently by movement-induced sensory discharge.
The matter was further explored through stimulation of a
different nerve, the purely cutaneous sural nerve. Again,
passive movement did not significantly alter the reflex in
TA. In this latter study, when the biopotentials occurring at
the scalp (SEPs, somatosensory evoked potentials) were
observed, there was attenuation with movement, for SEPs
elicited by either trains of stimuli or single pulses.

From the four experiments conducted it is clear that the
reflex EMG in the tibialis anterior muscle, following trains
of stimuli which activate cutaneous nerve fibres, is not
conditioned by the sensory receptor discharge elicited when
the leg is passively moved. In contrast, there is attenuation
of the response to such stimuli at scalp electrodes over the
somatosensory cortex. Part of this work has been published
in abstract form (Brooke et al. 1997b).

METHODS

Subjects

Twenty-one volunteer subjects (21—36 years) of both sexes
participated in the experiments. Each subject gave informed
consent and none reported any history of neurological, cardio-
vascular, or musculoskeletal deficits. The experimental procedures
were approved by the University of Guelph Ethics Committee.

Protocol

For each experiment, subjects sat with the head, neck, back and
arms supported in a slightly reclined customized metal chair
positioned behind a modified cycle ergometer. The right foot was
strapped to the right pedal of the cycle with the ankle firmly held
at 90 deg by a clinical brace. Rotation of the ergometer pedal crank
was accomplished by using a variable speed motor connected by a
belt to the ergometer chain wheel (accuracy ± 0·1 r.p.m.). This
allowed the right leg to be moved passively, or to be held in a static
posture with specific hip and knee angles. The left foot remained in
a stationary supported position throughout the experiments, with
hip, knee, and ankle angles of approximately 100 deg. For all
experiments, subjects were instructed to maintain a mild isometric
contraction of the TA muscle (approximately 10% of maximum
voluntary isometric contraction) throughout the experimental trials,
while keeping all other leg muscles relaxed. The low-pass-filtered
full-wave-rectified EMG of TA was displayed on an oscilloscope and
monitored by subject and experimenter to ensure this consistent
level of TA activity. The consistency was subsequently confirmed
by analysis of the EMG records. Fatigue was prevented by allowing
the subjects to relax the TA muscle between experimental conditions.
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Cutaneous reflex muscle activity was evoked in TA by electrical
stimulation of either the tibial or sural nerve at the ankle. For
experiments 1—3, stimuli were delivered via bipolar surface
electrodes placed with the anode distal over the predicted path of
the right tibial nerve posterior to the medial malleolus. TA reflex
activity was elicited from delivery of three 0·3 ms square wave
pulses separated by 10 ms applied to the tibial nerve (De Serres et
al. 1995), using a Grass S88 stimulator with SIU5 stimulus
isolation unit. The voltage-controlled stability of the stimulus
delivered to the tibial nerve was confirmed by maintaining a small
constant M wave in the EMG of abductor hallucis which resulted
from direct stimulation of motoneuronal axons serving that muscle,
using a single 1 ms square wave test pulse. Trials using this single
pulse to evoke M waves were interdigitated randomly among the
trials featuring stimulus trains used to evoke cutaneous reflexes. In
experiments 4 and 5, the electrodes were placed posterior to the
lateral malleolus of the right ankle, approximating the position of
the sural nerve. The sural nerve stimulation consisted of a train of
five 1 ms square wave pulses with an interstimulus interval of 4 ms
(Duysens et al. 1996). The intensity of the stimulus delivered to the
sural nerve (a purely cutaneous nerve in humans) was based on the
subject’s perceptual threshold (PT, the voltage at which the stimulus
was first perceived by the subject). Stimulation intensity was
2·5 ² PT (Duysens et al. 1992). The stability was checked by
periodic re-evaluations of the perceptual threshold as the conditions
progressed over the course of the experiment.

EMG recordings of tibialis anterior and soleus muscles were
obtained with surface Ag—AgCl electrodes oriented longitudinally
approximately 2 cm apart over the predicted path of the muscle
fibres. Electroencephalographic recordings for experiment four were
made with scalp electrodes in an Electro-Cap system (ECI, Eaton,
OH, USA). SEPs were recorded from Cz' (2 cm caudal to Cz)
referenced to Fpz' (2 cm caudal to Fpz) in accordance with the
International 10—20 system. Impedance at all EMG and EEG
recording and stimulation sites was less than 10 kÙ and 3 kÙ,
respectively, measured at 30 Hz (Grass EZM5 impedance meter).
EMG and EEG recordings were amplified (1000 ² and
40000 ², respectively) and filtered (bandpass 3—300 Hz, 1—100 Hz,
respectively) with isolated bioelectric amplifiers (Grass P511 and SA
Instrumentation, respectively). The data were digitized at an
analog computer interface (Keithley DAS8), at a sampling rate of
1000 Hz, and were stored on a computer for subsequent analysis.

In the first experiment, 20 triplet stimuli and 10 single-pulse
stimuli (the latter interspersed between trains for M wave
monitoring) were delivered to the right tibial nerve for each
movement condition (30, 60 and 90 r.p.m. passive movement of the
leg, or stationary) in six subjects. The stimuli were presented at the
same phase of the cycle in each trial (0 deg, which was the point of
fullest knee flexion). Each condition was represented twice in the
order of presentation of movement conditions to subjects, i.e. a
replicated Latin square design.

In the second experiment, 30 tibial nerve triplet stimuli were
randomly presented in a Latin square design at one of four equally
spaced positions throughout the pedal cycle (close to the fullest
flexion, 340 deg, and extension, 160 deg, and intermediary
between these two, at 70 deg and 250 deg), to eight subjects.
Stationary, non-movement controls consisted of blocks of 20 trials
of triplet stimuli applied at each of the four different phase
positions. Movement trials involved 20 r.p.m. passive movement
applied to the leg. This slow rate of movement was selected to allow
detection of phase-related presynaptic effects, which at higher rates
of movement could remain between one measurement point and the

next (Cheng et al. 1995a). The order of the phase positions was
randomized across subjects. Single pulse M wave stimuli at each
phase position were randomly interdigitated throughout movement
and stationary controls.

In the third experiment, for five subjects the right leg was
immobilized with a hip angle of 80 deg, and a knee angle of 90 deg.
The patellar ligament (tendon of quadriceps) was tapped briskly
with a tendon hammer, with the head of the tendon hammer
perpendicular to the ligament. This evoked a stretch reflex in
vastus medialis. The reflex amplitudes were monitored during the
experiment to ensure that they remained consistent throughout the
experiment. The head of the tendon hammer contained a pressure-
sensitive electrical contact switch that was activated upon contact
with the knee. In this manner, the timing of the tibial nerve
stimulus could be controlled relative to the tap onset. Triplet stimuli
were activated from the hammer switch. The delay in closing the
switch was approximately 10 ms. Including this delay, the stimuli
were delivered after the start of the skin contact at 10, 20, 35, 60,
85, 110, 410 and 1010 ms. Twenty triplet stimuli were given with
each delay, the presentation order of delays being random. The
stimulus intensity was again controlled for by using single-pulse
stimuli randomly dispersed throughout the trials. Among three of
the subjects the experiment was repeated using a tap to skin over
the tibia below the patellar ligament (as opposed to tapping on the
ligament), so as not to cause a stretch reflex in the vastii muscle.

In the fourth experiment, randomly presented blocks of 40 sural
nerve stimuli were given for each task condition (no movement and
passive 60 r.p.m. movement) and were repeated (total of 80 samples
for each condition). The order of presentation was random by Latin
square over the four subjects. The blocks consisted of either five-
pulse train stimulation evoking SEPs and TA reflex activity, or
single-pulse stimulation intended only to evoke SEPs.

Data analysis

From a subject’s control trials, the onset latencies and durations of
EL and ML responses were established and applied to all trials,
control and movement, for that subject. All filtered raw EMG data
were full-wave rectified prior to averaging. A total of 20 samples
were averaged for each condition. There was a period of 30 ms of
pre-stimulus data that was used to establish the background level
of tonic activity in the muscle. The variance over the 30 ms interval
was used to establish a 95% confidence band about the mean tonic
EMG activity over this pre-stimulus period. This confidence band
was used to determine the occurrence of significant reflex excitation
(EL) or inhibition (ML) which occurred following the stimulation.
Activity that exceeded the band was denoted as excitation and
activity below the band was labelled as inhibition. EL and ML
responses were considered independent, in part, because it was
possible to identify the presence of ML responses without any
preceding EL excitation. The ML responses were, in comparison to
EL, far more robust, occurring in all subjects and task conditions
and was, as a result, considered the main component of the reflex
response. In contrast, EL was occasionally absent in individual
subjects or specific task conditions.

Response latencies of excitation andÏor inhibition were determined
by identifying the point at which the activity was equal to the
mean tonic activity when working backwards from the point at
which the activity exceeded the 95% band. The termination of the
response was similarly determined by denoting the point at which
the activity returned to the mean tonic level after re-entering the
95% confidence interval. Response durations were calculated for
discrete bursts of excitation andÏor inhibition by subtracting the
onset latency from the timing of response termination. The
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magnitude of responses was calculated by determining the area,
over the response duration, of the full-wave-rectified activity
subtracted from the mean level of tonic EMG activity (see Fig. 1).
The tonic level of contraction was also calculated for individual
trials and used as an indication of the constancy of the background
activation in tibialis anterior.

Responses with more synchronous waveforms, including M waves
and SEPs, were analysed by measuring the peak-to-peak
amplitudes from the raw, non-rectified traces. Peak-to-peak
amplitudes of M waves evoked in response to single-pulse
stimulations measured in abductor hallucis were calculated for each
sample. SEP traces showing large amplitude peaks representing
EMG activity or eye movements, or large DC shifts, were rejected.
The remaining, artifact-free, SEP traces were averaged across
conditions and subjects for experiment four. From these average
traces, peak-to-peak amplitudes were measured for the initial
responses, a positive deflection (P1) followed by a negative
deflection (N1) peaking at approximately 50 and 80 ms, respectively.
When necessary the data were log transformed to conform to the
assumption of homogeneity of variances and so that the residual
errors were normally distributed. Such log transformation was
necessary on three occasions within different experiments.

Statistical differences between means of EMG reflex magnitudes
and SEPs for conditions were assessed at P = 0·05 by one- or two-
way analyses of variance, blocked on subjects, followed by a priori

(i.e. planned) comparisons of means with Bonferroni t corrections
which utilized the appropriate analysis of variance error term.

RESULTS

Experiment 1: rate of passive movement of the leg

and reflex response in tibialis anterior following tibial

nerve stimulation.

Raw and full-wave-rectified reflex EMG traces are shown in
Fig. 2A for control and movement conditions for one subject.
It can be seen that at approximately 70 ms after the start of
the train of three stimuli, there is reflex excitation in the TA
muscle (an EL response), followed by strong inhibition that
has an onset latency of approximately 110 ms (ML). The
mean latencies (with standard deviations) over the group of
subjects for EL and ML were 67·9 ± 12·3 and
105·2 ± 15·6 ms, respectively. In this, and all experiments
that follow, there were no statistically significant differences
due to the varied task conditions in latencies for either EL
or ML.

Over the group of five subjects, the mean magnitudes of the
two reflex components in the TA muscle are shown in
Fig. 2B for the control and movement conditions. Mean EL
activity was significantly increased (F (2,4) = 4·49, P = 0·02)
during passive movement compared with reflexes evoked
during stationary control. This direction of change was the
opposite of that hypothesized. Mean ML activity showed no
statistically significant change (F (2,4) = 2·10, P = 0·13).

There were no statistically significant differences between
means of M wave amplitudes for the four phase positions at
rest or for movement (Fig. 2C) or for the level of tonic
contraction levels for TA over conditions (F (2,4) = 1·20,
0·75, P = 0·13, 0·54), respectively.

Experiment 2: phase of leg movement and reflex

response in tibialis anterior following tibial nerve

stimulation.

As the cycle of leg movement develops, different phases are
associated with the activation of different sensory receptors.
To assess the putative influence of such receptor discharge
on the cutaneous reflex pathway, stimuli were delivered at
four equidistant phase positions in the cycle of movement
and also with the leg static in the posture for each phase
point. The mean magnitudes of the resulting reflex
components in tibialis anterior from eight subjects are shown
in Fig. 3A. There were no significant differences in the
magnitudes of EL or ML responses as a function of phase
position for the delivery of stimuli (F (3,7) = 0·23, 0·43,
P = 0·88, 0·73, respectively).

The mean magnitudes of the M waves, from interdigitated
single-pulse trials, were not significantly different across the
task conditions (F (3,7) = 0·3, P = 0·77). Tonic contraction
levels sampled in the EMG of TA prior to stimulus delivery
also were not significantly different across conditions
(F (3,7) = 0·7, P = 0·51).

Experiment 3: quadriceps tendon tap and reflex

response in tibialis anterior following tibial nerve

stimulation.

The tap conditioning was delivered at different intervals
before the test (cutaneous) stimulus. The amplitude of this
conditioning stimulus, as represented by the amplitude of
the stretch response in the vastii muscles, was monitored
during the experiment to ensure constancy of the stimulus.
In the TA muscle, the EL reflex response was significantly
attenuated by the conditioning (F (8,25) = 6·09, P = 0·002)
for all stimulus delays less than 400 ms (see Fig. 4A, dashed
line). The conditioning did not significantly affect the ML
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Figure 1. Average EMG responses to tibial nerve

stimulation

Averaged full-wave-rectified EMG responses in tibialis
anterior to triplets of electrical stimuli applied to the tibial
nerve to evoke the cutaneous reflex in one subject. Two
components of the reflex, EL (excitation) and ML (inhibition)
are denoted relative to the mean prestimulus tonic activity
(dotted line) in the muscle.



reflex magnitude at any time point (F (8,32) = 1·30,
P = 0·28) (see Fig. 4B, dotted line).

The depression of EL with ligament tap suggested a
conditioning effect from vastii muscle spindles. Yet this was
contrary to the interpretation of the first two experiments.
The procedure was therefore repeated on three subjects, but
this time with the taps applied to the skin over the tibial
bone away from the TA tendonous tissue. There was no
activation of vastii muscles in response to the bone tap,
indicating a lack of activation of muscle receptors in this

case. There continued to be significant depression of EL
(Fig. 4A). The similarity in the EL attenuation between the
conditioning stimuli applied to ligament and to bone
suggested that any conditioning influence of tapping
appears to arise from cutaneous receptors rather than the
stretch of vastii muscle spindles.

M wave magnitudes collected with interspersed single-pulse
stimulation were consistent throughout experimental trials
and were not significantly different across the duration of
the experiment (when it was divided into four different time
intervals, to provide averages of adequate size) (F (3,12) =
0·84, P = 0·50). As with the previous experiments, the
variability of the M wave magnitudes was low (mean within-
subject coefficient of variation was 17%) indicating the
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Figure 3. Movement phase effects on reflex magnitudes

Average reflex magnitudes (and standard deviations) for
stationary and passive movement task conditions measured
at different phase positions (360 deg, fullest flexion; 180 deg,
fullest extension). Excitatory (EL) and inhibitory (ML) reflex
magnitudes are displayed in A and B, respectively.
Responses are expressed as a percentage of the average
magnitude measured at 70 deg during stationary control
trials.

Figure 2. Rate of passive movement effects on reflex

magnitudes

A, averaged full-wave-rectified tibialis anterior EMGs for
movement and non-movement (stationary) task conditions
from a single subject. B, average EL and ML reflex
magnitudes (and standard deviations) for the group of five
subjects, over control and movement conditions (30, 60 and
90 r.p.m.). C, group average M wave response magnitude,
measured from the EMG of abductor hallucis muscle,
sampled from interdigitated single-pulse trials.



stability of the electrical stimulus between task conditions.
Similarly, tonic contraction levels sampled in the EMGs of
the TA muscle prior to stimulus delivery were not
significantly different across conditions (F (9,36) = 1·06,
P = 0·42).

Experiment 4: passive movement of the leg, and SEPs

and TA reflexes elicited from sural nerve stimulation.

SEPs were elicited by single pulses or by trains of five pulses
of stimulation, with the leg at rest and when passively
moved at 60 r.p.m. The single pulses were randomly
interdigitated with the trains. Figure 5 shows SEP data
from a single subject averaged from 80 samples for both
movement and the resting control state for single-pulse
(Fig. 5A) and train (Fig. 5B) stimuli. The earliest record of
the arrival of the stimulus at the somatosensory cortex is
shown by P1-N1. On average the latency of the P1 peak was
50·7 ± 1·2 ms. There were significant differences between
mean SEP amplitudes when comparing rest with passive

movement conditions (F (1,3) = 9·63, P = 0·05). On average
the magnitude of the P1-N1 potential was reduced by
approximately 70% when conditioned by passive movement
(Fig. 5C). There were no significant differences between the
single and train stimulation conditions.

EL and ML reflex EMG components in TA muscle were less
easily evoked from the sural nerve, especially the early
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Figure 4. Mechanical tap effects on reflex magnitudes

Average reflex magnitudes (and standard deviations)
measured in the EMG of TA muscle at different intervals
after the initiation of tapping of skin over the patellar
ligament or over the tibia. Excitatory (EL) and inhibitory
(ML) reflex magnitudes from tibial nerve stimulation are
displayed on A and B, respectively. Responses are expressed
as a percentage of the average magnitude measured without
any conditioning tap.

Figure 5. Passive movement effects on sural nerve SEP

magnitudes

Average somatosensory evoked potentials from sural nerve
stimulation, measured from a single subject for movement
and non-movement (stationary) task conditions. Responses
following a single pulse and those from a train of stimuli are
shown in A and B, respectively, with 0 ms indicating the
start of stimulation. C, averaged P1-N1 response magnitudes
for a group of four subjects, following single and train pulses
for movement and non-movement (stationary) task
conditions.



excitation. Two of nine subjects showed EL components, the
amplitudes of which did not change significantly during
passive movement (F (1,1) = 1·73, P = 0·41). All nine
subjects showed ML responses and again there was no
change in the mean amplitude of this component during
passive movement (F (1,8) = 0·17, P = 0·69).

The tonic contraction levels sampled in the EMGs of the TA
muscle prior to stimulus delivery were not significantly
different across conditions (F (1,8) = 0·75, P = 0·55).

DISCUSSION

Four experimental approaches were used to test whether
passive movement-induced attenuation occurred in a
cutaneous reflex of the human leg. The hypothesis was that
sensory receptor activation as a consequence of passive
movement would attenuate these reflexes. This hypothesis
was advanced as an attempt to generalize from a substantial
body of work showing such attenuation in the H reflex
pathway (Brooke et al. 1997a). The generalization and
hypothesis were not supported by the present results.
Specifically, neither the early excitatory component of the
reflex (EL) nor the subsequent inhibitory component (ML),
in the tonically contracted tibialis anterior muscle following
stimulation of the tibial nerve at the ankle, were attenuated
by (1) passive movement at different speeds, (2) different leg
postures during the passive movement, representing different
states of somatosensory receptor discharge in the leg, or (3)
activation of quadriceps muscle spindles by tapping the
patellar ligament. Attenuation arising consequent to passive
movement was not seen with stimulation of either the tibial
or sural nerves.

The rejection of this hypothesis is important because it
clears the way for a conceptual split between the control of
transmission in H reflex (putatively Ia monosynaptic;
Misiaszek et al. 1995c) and cutaneous reflex pathways in the
human leg, where until recently the view was that they
were modulated similarly, and through similar mechanisms
(Dietz, 1992). Rather, there is gain control during movement
that is specific to the sensory modality. I a-mediated reflexes
are substantially attenuated by concomitant motion-related
sensory discharge. Such discharge will occur whenever leg
movement is of sufficient amplitude and frequency to exceed
that of normal stance. Even rates of pedalling movement as
low as one every 6 s (10 cycles min¢) appear to be sufficient
to evoke inhibition believed to be mediated by presynaptic
inhibition acting on the Ia afferent axon close to the
motoneuronal synapse (Brooke et al. 1997a). Sensori-sensory
conditioning in relation to specific behaviour is seen in both
vertebrates and invertebrates (Prochazka, 1989; Watson,
1992). In mammals, presynaptic control of peripheral
afferent transmission during locomotion can also occur
through input from the central pattern generator (Dubuc et
al. 1988). However, recent work on the decerebrate cat
suggests that the route from sensory receptor discharge is
the more important one for the attenuation of the Ia fibres

in the monosynaptic path during movement (Gossard, 1996).
It is likely that this ‘automatic’ attenuation establishes a
baseline suppression of that I a pathway, upon which further
modulation can be overlaid from more complex centres of
control when active walking or pedalling occurs.

The cutaneous reflexes studied did not show this
attenuation arising from motion-related sensory discharge.
Such baseline suppression appears not to occur for the
cutaneous reflex and is perhaps not functionally necessary.
The reflex usually requires ongoing contraction for it to be
expressed in the muscle, whereas this is not a requirement
for the stretch reflex, which can exert powerful muscular
effects, even at phases during active locomotion featuring
inactivity of soleus (Yang et al. 1991; Sinkjaer et al. 1996).
Accumulating evidence has led to the proposal that the
modulation of cutaneous reflex amplitudes, during active
locomotor movement of the legs in humans, arises from the
involvement of the central pattern generator for locomotion
(Duysens et al. 1992, 1996). The latter paper came to this
conclusion but cautioned that the data did not rule out a role
for motion-related sensory input. The absence of
attenuation of reflex gains, in response to passive
movement, further implicates the spinal cord and brainstem
network of oscillatory interneurons for locomotion as the
likely cause of the cutaneous reflex modulation.

There is a qualifier to the above. If sensory discharge evoked
by active movement led to postsynaptic effects on the
motoneurons in the cutaneous reflex pathway, our
experiments would not have detected them. This is because
contraction of the muscle is necessary in most cases for the
reflex to occur. Tonic contractions would tend to stabilize
the background activation of motoneurons, compensating
for fluctuating postsynaptic effects. On the other hand, there
were no marked EMG fluctuations in the voluntary tonic
contractions as might be expected if postsynaptic inhibition
resulted from the stimulus.

In contrast to the lack of movement-related attenuation of
the cutaneous reflexes noted above, the experimental
procedures did evoke two changes in the early reflex
excitation, EL. When the tap was delivered to the skin over
the tibia or over the patellar ligament, EL was powerfully
attenuated for approximately 110 ms after the conditioning
stimulus. This was evidently mediated by cutaneous and
not muscle receptors, which would have been differentially
activated by tapping at these two sites. Inhibition of TA
from stimulation of the skin adjacent to the kneecap has
been reported by Hagbarth (1960). We therefore suspect
that the attenuation of EL is sensori-sensory conditioning
within the cutaneous modality. The effect could be
oligosegmental or brainstem mediated (Gonzalez et al.

1993). As the onset latency is brief, we prefer the segmental
interpretation.

The second change in EL was an increase in amplitude with
a high rate of passive movement of the leg. It is not
presently clear from which sensory sources this facilitation
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arises. The lack of significant change in EL at different
phases of the movement suggests that muscle stretch
receptor and joint receptor discharges do not influence EL at
the levels of muscular activity used in the studies presently
reported, and thus do not account for the increase in EL
with high velocity of movement. This facilitation of EL may
be the result of the sum of cutaneous discharge from the leg
at those rates of movement. Such discharge can facilitate
H reflexes through partially alleviating presynaptic
inhibition of Ia afferents (Iles, 1996). This is thought to
occur via spinal interneurons which are also activated
during corticospinal suppression of presynaptic inhibition.
An alternative to the alleviation of presynaptic inhibition is
that the high velocity of movement might have activated
some Golgi tendon organs whose discharge led to facilitation
of the cutaneous reflex excitation.

Cortical SEPs evoked by single cutaneous stimuli and by
trains of five stimuli were both attenuated by the passive
movement of the leg. This replicates and extends other
recent work from our laboratory on SEPs from cutaneous
afferents of the lower limb (Brooke et al. 1997c). This
movement-induced attenuation of cortically evoked responses
to sural nerve stimulation, with absence of movement-
induced changes in reflex responses measured from the TA
muscle, suggests a difference in control of sensory paths
during passive movement. This split may be related to a
similar difference in processing of afferent input seen
between SEPs and cutaneous reflexes when stance is
perturbed in different ways (Dietz et al. 1989). The two
control mechanisms, for cutaneous reflexes and for SEPs,
could both be exerted at thalamo-cortical levels, as the reflex
responses we studied in TA appear, at least in part, to
follow a transcortical path (Nielsen et al. 1997) and upper
limb cutaneous input to somatosensory cortex is reported to
be attenuated at the thalamo-cortical level by passive
movement in the monkey (Chapman et al. 1988).

There is a depression of SEPs in the early stance phase of
human walking (Duysens et al. 1995), and the responsive-
ness of motor cortical cells to cutaneous stimulation is also
depressed at this phase of the locomotor cycle in the cat
(Palmer et al. 1985). Similar mechanisms may underlie our
present results. The attenuation of SEPs seen in early
stance is felt to arise from somatosensory receptor discharge
consequent to a phase of the movement itself (Duysens et al.
1995). The effect could be occlusion from concomitant
activation of receptors in the feet (though occlusion is likely
not to be the case at the cortical receptive cell; Palmer et al.
1985) or through other receptor discharge.

The observation that taps applied to the skin attenuated the
EL component of the reflex response and that movement
attenuated cortical SEPs, suggests that technical deficiencies
were not the cause of the failure to support the hypothesis
that movement-related reafference attenuates cutaneous
reflexes. The reflexes could be elicited clearly and
conditioning effects could be demonstrated, but not the
attenuation that was hypothesized. The data from the

interpolated M wave procedure provided reassurance that
the stimulus stayed constant through the trials. Similar
reassurance came from the periodic checking of perceptual
threshold when stimulating the purely cutaneous sural
nerve. A tonic contraction in the target muscle was
necessary for the reflex to be expressed and the level of this
contraction was controlled within a narrow band. It is
unlikely that the pressure of the ankle brace played a major
role in the failure of the hypothesis since the use of such a
brace was present in some, but not all the experiments
where movement strongly attenuated H reflexes (Brooke et

al. 1997a).

The work currently reported has focussed on the muscle
most frequently studied in this field of cutaneous reflexes,
tibialis anterior. It was easiest for subjects to maintain a
stable tonic contraction in this muscle. We do note, though,
that the response in tibialis anterior is one of the most
clearly modulated of all the muscles studied during walking
and running (Duysens et al. 1990, 1996; Yang & Stein,
1990; De Serres et al. 1995). The absence of attenuation of
reflex gain in tibialis anterior, due to motion-related sensory
discharge, is a serious failure of the research hypothesis.
However, the present work is limited to responses evoked in
a single, albeit responsive, muscle using electrical
stimulation of posterior tibial or sural nerve. Further studies
will need to extend the observations to determine the
extent of generalization to alternative muscles and
stimulation protocols.

One physiological concept that may emerge from such work
is the differential modulation of muscle spindle and
cutaneous pathways during ongoing movement. Cutaneous
reflexes in the human leg are strongly modulated through
the action of the central pattern generator during
movement, even reversing in sign (Yang & Stein, 1990) or
over muscles (Duysens et al. 1990), but appear from this
study not to be inhibited by the sensory discharge due to
the movement itself. Conversely, the H reflex is strongly
attenuated by that motion-related sensory discharge
(Brooke et al. 1997a) but the attenuation is probably less
attributable to the central pattern generator (Gossard, 1996).
This split between the two afferent groups in their
susceptibility to conditioning via movement-induced sensory
discharge may carry functional implications.

The Ia component of the stretch reflex contributes to static
bipedal balance, especially in the soleus muscle. Studies of
stretch reflex activation, with balance perturbations that are
imperceptible to the subject, reveal the sensitivity of this
part of the neural control of upright posture (Fitzpatrick et

al. 1992, 1996) at a time when the reflex gain is high. Such
high gain is functionally appropriate, as quiet, upright
stance is maintained substantially by forward sway which is
corrected by plantar flexion, to which soleus is a major
contributor. However, soleus H reflexes are significantly
depressed once the amplitude of movement exceeds that of
upright posture, as for example in passive stepping (Brooke
et al. 1995a). This attenuation appears only to be released
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transiently when central commands, such as those for active
locomotion, elicit force in the autogenic, and possibly close
synergistic, muscles. This default foundation of attenuation
is held to have a strong presynaptic inhibitory component.

The muscular discharge arising from activation of afferents
serving cutaneous receptors of the lateral border and
plantar surface of the foot (the sural and tibial nerve
dermatomes) is not attenuated for larger amplitude passive
movements such as those of pedalling. There is no evidence
of additional presynaptic inhibition. Rather, the cutaneous
afferent discharge may proceed forward to sites where it is
modulated by the complex interneuronal circuits of the
central pattern generator. Perhaps the cutaneous receptor
discharge during locomotion is an integral tonic part of the
production of the locomotor pattern (Pearson, 1993). As
such, afferents transmitting from the cutaneous receptors
might be controlled from other modules in the pattern
generating network and be less susceptible to presynaptic
inhibition from movement-induced sensory conditioning.
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