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REVIEW / SYNTHÈSE

Possible contributions of CPG activity to the
control of rhythmic human arm movement1
E. Paul Zehr, Timothy J. Carroll, Romeo Chua, David F. Collins, Alain Frigon,
Carlos Haridas, Sandra R. Hundza, and Aiko Kido Thompson

Abstract: There is extensive modulation of cutaneous and H-reflexes during rhythmic leg movement in humans. Mechanisms controlling reflex modulation (e.g., phase- and task-dependent modulation, and reflex reversal) during leg movements have been ascribed to the activity of spinal central pattern generating (CPG) networks and peripheral feedback.
Our working hypothesis has been that neural mechanisms (i.e., CPGs) controlling rhythmic movement are conserved
between the human lumbar and cervical spinal cord. Thus reflex modulation during rhythmic arm movement should be
similar to that for rhythmic leg movement. This hypothesis has been tested by studying the regulation of reflexes in
arm muscles during rhythmic arm cycling and treadmill walking. This paper reviews recent studies that have revealed
that reflexes in arm muscles show modulation within the movement cycle (e.g., phase-dependency and reflex reversal)
and between static and rhythmic motor tasks (e.g., task-dependency). It is concluded that reflexes are modulated similarly during rhythmic movement of the upper and lower limbs, suggesting similar motor control mechanisms. One notable exception to this pattern is a failure of contralateral arm movement to modulate reflex amplitude, which contrasts
directly with observations from the leg. Overall, the data support the hypothesis that CPG activity contributes to the
neural control of rhythmic arm movement.
Key words: central pattern generator, locomotion, motor control, neural control.
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Résumé : La modulation des réflexes cutanés et des réflexes-H est considérable durant le mouvement rythmique des
jambes chez les humains. Les mécanismes régulant la modulation des réflexes (p. ex. modulation dépendante de la
phase, modulation dépendante de la tâche et inversion des réflexes) durant les mouvements des jambes ont été attribués
à l’activité des réseaux de générateurs centraux de patrons (CPG) spinaux et à la rétroaction périphérique. Notre hypothèse de travail a été que les mécanismes neuronaux (c.-à-d. CPG) contrôlant le mouvement rythmique sont situés entre
la moelle épinière lombaire et cervicale. Ainsi la modulation des réflexes durant le mouvement rythmique des bras devrait être similaire à celle du mouvement rythmique des jambes. Cette hypothèse a été vérifiée en examinant la régulation des réflexes dans les muscles des bras durant un cycle rythmique des bras et une marche sur tapis roulant. Cet
article passe en revue des études récentes qui ont indiqué que les réflexes dans les muscles des bras sont modulés au
cours du cycle des mouvements (p. ex. dépendance envers la phase et inversion du réflexe) et entre les tâches motrices
statiques et rythmiques (p. ex. dépendance envers la tâche). On conclut que les réflexes sont modulés de façon similaire durant le mouvement rythmique des membres supérieurs et inférieurs, suggérant la présence de mécanismes de
contrôle moteur similaires. Une exception notable à ce patron est une incapacité du mouvement du bras controlatéral à
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moduler l’amplitude des réflexes, ce qui est diamétralement opposé à ce qui a été observé pour la jambe. Ces données
confortent l’hypothèse que l’activité des CPG participe au contrôle neuronal du mouvement rythmique des bras.
Mots clés : générateur central de patron, locomotion, contrôle moteur, contrôle neuronal.
[Traduit par la Rédaction]
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Introduction
Without appearing to devote any conscious attention to
the act, we typically move our arms rhythmically during locomotion. Locomotor activities like walking, running, and
swimming all involve distinct rhythmic patterns of arm muscle activity and arm motions. In a considerable number of
invertebrate and vertebrate preparations, neuronal activity related to central pattern generating (CPG) circuits for rhythmic locomotor movement have been identified (Grillner 1975;
Grillner and Dubuc 1988; Duysens and Van de Crommert
1998; Duysens 1998; Van de Crommert et al. 1998). It was
demonstrated long ago that the basic “machinery” for generating coordinated patterns of rhythmic movement reside
largely in the spinal cord. Brown (Brown 1911; Brown
1914) in his experiments in the cat provided compelling evidence of neural oscillators (half-centres) resident in the
lumbar spinal cord. This “half-centre” model suggests that
discrete rhythm or pattern generating (i.e., CPG) networks
are responsible for producing the basic locomotor rhythm.
Interactions within and between flexor and extensor halfcentres of a given limb were presumed to underlie the observed locomotor coordination (Grillner 1975). The available
evidence based upon studies of many species indicates that
central rhythm generators can produce coordinated motor
patterns in isolation, but that exquisite functional regulation
of relevant motor patterns requires afferent and supraspinal
input (Rossignol 1996; Stein and Smith 1997).
Unlike the case of lower animal models such as the lamprey where direct cellular measurements can be made, we
must rely on indirect evidence and inference to assess the
contributions of CPGs to human movements. The preponderance of evidence in spinal cord – injured humans suggests
that CPG mechanisms contribute to the locomotor pattern
for leg muscles during walking (Dietz et al. 1994; Barbeau
and Rossignol 1994; Harkema et al. 1997; Dietz 1997;
MacKay-Lyons 2002; Steldt and Schmit 2004). Further, it
has been shown that afferent feedback contributes strongly
to the modulation of the putative CPG output during human
walking (Duysens and Van de Crommert 1998; Duysens
1998; Van de Crommert et al. 1998). Research suggests that
this concept also applies to leg cycling (Ting et al. 1998a,
1998b; Brooke et al. 1999; Ting et al. 2000; Zehr et al.
2001b). Reflex modulation during rhythmic movement can
be used to infer the activity of CPG circuits (Burke 1999;
Burke et al. 2001; Zehr and Duysens 2004). CPG-driven
modulation of afferent feedback via premotoneuronal gating
could explain observations of phase- and task-dependency of
reflexes (Duysens and Tax 1994; Duysens and Van de
Crommert 1998; MacKay-Lyons 2002; Dietz 2002a, 2002b).
Indeed, the modulation of reflexes during rhythmic movement as an indirect indicator of CPG regulation of afferent
input provides the background for the studies reviewed in
this paper.

The extent to which CPG mechanisms may contribute to
the control of rhythmic arm movement has remained relatively unstudied. Elftman (Elftman 1939) suggested years
ago that rhythmic arm swing during human locomotion was
not a simple pendular movement due to mechanical interaction with leg motion. Rather, muscle activity was necessary
to produce rhythmic arm swing, a suggestion later confirmed
by EMG recordings of arm muscles during walking
(Fernandez-Ballesteros et al. 1965). It has also been demonstrated that this rhythmic movement is coordinated with
lower limb movement during locomotion (Hogue 1969). A
suggested function of arm swing has been to allow for
smooth movement of the centre of mass during walking
(Jackson et al. 1983). On the basis of mostly theoretical considerations, the idea was advanced that arm movement during walking is controlled by spinal CPG circuits (Jackson et
al. 1978; Jackson 1983; Jackson et al. 1983).
Some time ago, modulation of cutaneous reflexes due to
phase in the movement cycle was demonstrated in the cat
hindlimb during locomotion (Forssberg et al. 1975). Since
that time the modulation of cutaneous reflexes during rhythmic movement has received considerable attention (Duysens
and Tax 1994; Brooke et al. 1997). Drew and Rossignol
(Drew and Rossignol 1987) extended this work to the cat
forelimb and showed a similar modulation pattern to that
documented in the hindlimb. Thus, even though there are
differences in functional use of the forelimbs and hindlimbs
(e.g., exploratory reaching and manipulation with the forelimbs vs. locomotion with the hindlimbs), there may be similar underlying sets of neural circuits for the regulation of
reflexes during rhythmic movement. Accumulating evidence
in the feline forelimb preparation has clearly shown evidence of CPG activity (Yamaguchi 2004). During fictive locomotion, direct recordings from cervical motoneurons and
last order interneurons provide evidence of rhythmic synaptic activation consistent with reverberating interneuronal circuits (e.g., CPG), as well as phase-modulated post-synaptic
potentials evoked by stimulation of a cutaneous nerve
innervating the forelimb (Hishinuma and Yamaguchi 1989;
Ichikawa et al. 1991; Yamaguchi 1992a, 1992b; Seki and
Yamaguchi 1997; Seki et al. 1997; Yamaguchi 2004). This
has behavioural relevance during quadrupedal locomotion
where it is necessary to directly couple and regulate rhythmic movements of the forelimb with similar mechanisms,
like in the hindlimb. During human locomotion, however,
there is no obvious need to move the upper limbs in concert
with the lower limbs. Nevertheless, although we can walk
quite easily without arm movement, we naturally move our
upper limbs in rhythmic patterns during locomotion.
Our working hypothesis has been that CPG activity is involved in the regulation of rhythmic arm movement. This includes generating the basic pattern of muscle activity and
controlling how afferent feedback helps to shape this basic
pattern. Testing the contribution of CPG activity to the basic
© 2004 NRC Canada
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motor pattern for rhythmic movement in humans is difficult.
However, investigating possible contributions of CPG activity to the regulation of afferent feedback is possible through
human reflex studies. If CPGs contribute to the control of
rhythmic arm movement, it follows that reflex modulation in
these tasks should be similar to what has been shown for
rhythmic leg movement. To determine the pattern of reflex
modulation during rhythmic arm movement, it was first required to develop a task that could be easily manipulated
and controlled and in which the arm musculature was rhythmically active and independent of leg movement. An arm
cycling paradigm (see Fig. 1) was developed to examine the
role of CPG activity during rhythmic arm movement. Fig. 1a
shows a cartoon depicting arm cycling. The lower portion of
the figure shows the framework in which the movement cycle is described for forward cycling. The movement cycle
was broken into 12 phases corresponding to hours on the
clock face (e.g., see 12 o’clock at top dead centre). When
referenced to the motion of the hand, the movement cycle
can be conceptually divided into 2 functional phases: extension of the arm (primarily elbow extension with shoulder
flexion, equivalent to pushing the hand away from the body
and occurring from 9 to 3 o’clock) and flexion of the arm
(equivalent to pulling the hand and which involves shoulder
extension and elbow flexion, 3 to 9 o’clock). Using this approach, the working hypothesis that CPG activity contributes
to rhythmic arm movement has been tested by examining the
extent to which reflex modulation is similar in the arms and
legs. This review will focus on studies of rhythmic human
arm activity that have revealed: (i) rhythmic and stereotyped
EMG patterns; (ii) phase-dependent reflex modulation;
(iii) task-dependent reflex modulation; (iv) differential effects on reflex amplitude of active vs. passive movement;
(v) cutaneous reflex modulation during forward and backward cycling; (vi) influence of arm movement on reflex
pathways in the legs; and (vii) weak effects on reflex modulation of contralateral arm movement. Observations (i)–
(vi) all parallel those documented for the leg (Brooke et al.
1997; Zehr and Stein 1999; Zehr and Duysens 2004) and
their existence in the arms, as well, suggests analogous organization of the control of rhythmic arm and leg movement.
EMG patterns in arm muscles during rhythmic arm
movement
An important and defining feature of rhythmic limb movement is stereotyped rhythmic EMG activity. Rhythmic activity associated with locomotor movement of the legs shows
distinct patterns of bursting between antagonist muscles
within a limb and out of phase bursting between the limbs
(Grillner 1975). During human walking there is rhythmic
movement of the upper limbs due to active contraction of
upper arm muscles that occurs in concert with the leg movement (Fernandez-Ballesteros et al. 1965; Hogue 1969).
Whether there is a similar neural control mechanism for
these events is uncertain, although comparable rhythmic patterns of activity between upper and lower limb muscles have
been reported during locomotion (Weiss and St. Pierre 1983).
Similar to arm cycling, leg cycling also requires stereotyped rhythmic EMG activity in leg musculature (Brooke et
al. 1997; Ting et al. 1998a, 1998b; Ting et al. 1999; Ting et
al. 2000), and also provides for a very controllable paradigm
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Fig. 1. (A) Illustration of the arm cycling paradigm. For forward
motion, the direction of motion should be read clockwise from
top (e.g., as indicated by the arrow in (B)). (B) Illustration of 2
portions of movement related to general arm extension or flexion
and their relationship to movement phases described by the
clocks face (e.g., the 12, 3, 6, and 9 o’clock positions).

for the study of neural control. Stereotyped patterns of EMG
are also seen in the arms during rhythmic arm cycling.
Shown in Fig. 2 are plots of EMG associated with rhythmic
arm cycling averaged across 11 subjects (from Zehr and
Kido 2001). Shown at the bottom left of the figure is the approximate position of the hand cranks and at the bottom
right, the approximate position of the arm at the 12, 3, 6,
and 9 o’clock positions. As can be seen for muscles of the
shoulder, elbow, and wrist, EMG activity is rhythmically
modulated throughout the movement cycle. The activity of
flexor and extensor muscles (e.g., compare Tri with Bic) and
ipsilateral and contralateral muscles (e.g., compare iAD with
cAD) is out of phase and reciprocal. These patterns are similar to those obtained during rhythmic motor activities performed with the legs during walking (Winter 1991) or leg
cycling (Ryan and Gregor 1992; Brown et al. 1996; Brown
et al. 1997) as well as EMG patterns in the arms during
walking (Fernandez-Ballesteros et al. 1965; Hogue 1969;
Zehr and Haridas 2003). Note also that there are 3 separate
trials of arm cycling plotted in Fig. 2. There is considerable
similarity across the 3 trials shown, which suggests stability
in the stereotyped neural control.
© 2004 NRC Canada
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Fig. 2. Normalized background EMG during rhythmic arm cycling. Values are averaged across 11 subjects for each trial. Abbreviations
are: AD (anterior deltoid), PD (posterior deltoid), Bic (biceps brachii), Tri (triceps brachii), FCR (flexor carpi radialis), ECR (extensor
carpi radialis), FCR flexor carpi radialis, FDI (first dorsal interosseus). “i” and “c” denote ipsilateral and contralateral (relative to site
of stimulation) muscles. Values are normalized to the peak value obtained during arm cycling for each subject. Shown by the 3 different lines are the averages for 3 consecutive movement trials (each containing ~100 cycles) for each subject. The approximate position
of the hand and ipsilateral arm in the movement cycle are indicated at the bottom of the figure. At bottom left the numbers correspond
to position on the clock face. Adapted from Zehr and Kido (2001).

Phase-dependent reflex modulation: independence of
motor output and reflex amplitude
In the lower limb, the general observation regarding reflexes is that the reflex amplitude is often uncoupled from
the locomotor EMG and is instead related to the phase of the
movement cycle during which the reflex is evoked (“phasedependent modulation” see Brooke et al. 1997 for review;
Komiyama et al. 2000; Duysens and Tax 1994). Such uncoupling implies a gating of afferent feedback to motoneurons
during movement. A principle from the lower limb is that

the functional utility of reflexes is due, in large part, to flexibility of responses occurring throughout a movement cycle
(Zehr and Stein 1999). Consequently, the gain of reflexes
changes according to the behavioural context so that reflexes
can contribute to correct or assist the ongoing movement.
Earlier research demonstrated a phase-dependent modulation of stretch reflexes in the arm. Stretch reflexes in the
elbow flexor muscles biceps brachii and brachialis were
modulated at different positions during the performance of
cyclical reciprocating flexion-stop/extension-stop movements
© 2004 NRC Canada
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Fig. 3. Phase-dependence of reflexes during arm cycling. A. Cutaneous reflexes are modulated in amplitude across the movement cycle
(read from top to bottom). Note that the background rhythmic EMG amplitudes are shown at far right for each muscle. Abbrevations:
AD (anterior deltoid), PD (posterior deltoid), i (ipsilateral) and c (contralateral) to site of stimulation. Adapted from Zehr and Chua
(2000). B. Modulation of forearm H-reflexes during arm cycling (light bars) but not during static contraction (adapted from Zehr et al.
2003). Values are mean ± SE. **, denotes significant differences between static and cycling conditions.

at the elbow (MacKay et al. 1983). This observation of
movement-induced modulation of muscle afferent reflexes
was one of the first demonstrated in the upper limb. However it is uncertain whether this modulation was correlated
with background EMG activity. Further, movement at individual joints (particularly the wrist) has also been shown to
alter forearm H-reflexes (Carson et al. 1999), but this may
have been because of differences in EMG activity of the
forearm. Asymmetrical flexion-extension movements (i.e.,
reciprocating displacements of variable amplitude) at the
wrist or elbow were also shown to significantly reduce Hreflex amplitude in forearm flexor muscles (Brooke et al.
2000). We recently showed that rhythmic whole arm cycling
significantly suppresses the forearm H-reflex in a manner
that is independent of muscle activity level (Zehr et al.
2003). The significance of these observations is that Hreflex amplitudes in arm muscles can be modulated during
rhythmic movement in a manner that is independent of EMG
activity. We suggest that a combination of CPG activity and
peripheral feedback cause this modulation.
As shown in Fig. 3a, the amplitudes of cutaneous reflexes
were phase-dependently modulated throughout the move-

ment cycle. Reflexes changed in amplitude as a function of
the phase of the movement. However, the background EMG
level also changed with position in the cycle (see vertical
traces to the right of each panel). Thus, while there is a phasic pattern of cutaneous reflex modulation during rhythmic
arm movement, there is also background EMG-dependent
modulation (Zehr and Chua 2000). We evaluated the extent
to which early and middle latency cutaneous reflex amplitudes were related to background EMG (Zehr and Kido
2001). In a larger sample of 10 muscles studied with stimulation of 3 cutaneous nerves, reflexes in more than half of
the muscles failed to demonstrate a significant backgrounddependency. We also evaluated whether reflexes were modulated by arm position during static contraction. While the
background EMG level was significantly altered by the position of the arm for 5 muscles, there were no instances where
arm position during static contraction significantly modulated early or middle latency reflexes in any muscle. Thus,
there was no modulation of cutaneous reflexes by alterations
in arm posture during static contraction but only during rhythmic movement. H-reflexes in wrist flexor muscles were also
shown to be modulated by phase during rhythmic cycling
© 2004 NRC Canada
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Fig. 4. Reflex EMG traces (created by subtraction of control EMG from traces with stimulation) from a single subject showing reflexes evoked by SR nerve stimulation during walking. Reflex traces for each of the 16 parts of the step cycle have been superimposed
in each panel. Stimulus artefact has been removed from 0 to ~30 ms post-stimulus and is shown as a flat horizontal line during this
period. Muscle abbreviations are AD (anterior deltoid) and PD (posterior deltoid). Ipsilateral and contralateral refer to site of nerve
stimulation. Calibration bars are 1 and 5 µV, for AD and PD, respectively. Muscles are plotted to the same scales (adapted from Zehr
and Haridas 2003).

but not during static contraction (Zehr et al. 2003) (See
Fig. 3b).
Cutaneous reflexes are also phase-modulated in arm muscles during walking (Zehr and Haridas 2003). Eight muscles
controlling the elbow and shoulder were studied bilaterally
during walking with superficial radial nerve (SR; innervates
dorsolateral portion of the hand) stimulation. Reflexes were
significantly modulated by position in the step cycle (see
Fig. 4). Reflex traces from 16 portions of the walking cycle
are shown superimposed for 4 muscles in the figure and the
modulation is highlighted by the vertical gray rectangle.
While presentation of the data in this way obscures strict
correspondence with position in the movement cycle, it can
be seen that reflex amplitude varied across the walking cycle. In no case was reflex amplitude during walking significantly correlated with arm muscle EMG activity. The phasedependent modulation of reflex amplitude (including reversal of sign) suggests the premotoneuronal gating of afferent
inputs to motoneurons by the activity of neural circuits,
which are active during rhythmic movement. These circuits
could be supraspinal and (or) related to spinal CPG networks. A critical distinction used to infer CPG activity is
that these patterns of reflex control are differentially modulated in different tasks where voluntary control of static contractions can be separated from more automatic control of
rhythmic muscle activity.

Task-dependent reflex modulation
Reflex control seen in the human legs during rhythmic
movement has a strict dependency on the motor task performed (i.e., task-dependency) (Stein and Capaday 1988).
Task-dependency refers to changes in reflex sign and amplitude that occur between different motor tasks. For cutaneous
reflexes in leg muscles, task-dependency has been shown in
standing vs. running (Duysens et al. 1993), standing vs.
walking (Komiyama et al. 2000), cyclic vs. static contraction
(Brown and Kukulka 1993; Zehr et al. 2001), and stable vs.
unstable standing (Burke et al. 1991). The main observation
from these experiments was that rhythmic movements have
distinctly different reflex patterns from static contractions.
Task dependency of reflexes in arm muscles has also been
observed during walking. During static motor tasks by arm
muscles, there was a direct relationship between background
EMG amplitude and cutaneous reflex amplitude evoked by
stimulation in the hand (Zehr and Haridas 2003) and foot
(Dietz et al. 2001; Haridas and Zehr 2003). This relationship
was absent or very weak during locomotion.
During arm cycling, the amplitude of H-reflexes in forearm flexor muscles was reduced significantly compared with
static contraction (Zehr et al. 2003; see Figs. 3b, 5a, and 6).
Bilateral cycling and active and passive movement of the
stimulated limb had similar effects on H-reflex amplitude,
but movement of the contralateral arm did not have a signifi© 2004 NRC Canada
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Fig. 5. (A) Task-dependent reflex modulation in H-reflexes and
(B and C) cutaneous reflexes when going from static contraction
(light trace) to rhythmic cycling (dark trace). (A) Plotted are Hreflexes in FCR muscle from one subject. The large clipped vertical deflection at time 0 is the stimulus artifact and the M-wave
is seen following it. The H-reflex has been highlighted by the
vertical gray rectangle. Note the inhibition of H-reflex amplitude
during arm cycling. Adapted from Zehr et al. (2003). (B) Plotted
are subtracted reflex EMG traces evoked in AD muscle by SR
nerve stimulation for one subject during rhythmic arm cycling.
The middle latency response has been highlighted by the vertical
grey rectangle. Note the reversal in sign from excitation during
static contraction to inhibition during arm cycling. Adapted from
Zehr and Kido (2001). (C) Subtracted reflex EMG traces evoked
by distal tibial nerve stimulation for MG muscle in one subject
comparing reflex amplitude during static contraction and active
leg cycling. The reversal in reflex sign is highlighted by the rectangle. Note the similarity of reversal here and in panel B during
arm cycling. Adapted from Zehr et al. (Zehr et al. 2001b).

Can. J. Physiol. Pharmacol. Vol. 82, 2004
Fig. 6. Modulation of the forearm flexor H-reflex by arm movement. H-reflexes were significantly attenuated during bilateral,
and ipsilateral active (IPSI) and passive (IPSIpassive) arm cycling
compared with static contraction (horizontal gray line). Movement of the contralateral (CONTRA) arm had no significant effect. There were no differences in M-wave amplitudes or FCR
EMG levels (not plotted). Values are means ± SEM for 9 subjects. **, significant (p < 0.01) differences from static control
data (shown by thick, horizontal gray line). Adapted from Zehr
et al. (2003).

ing static contraction. Sometimes the task-dependency can
also be expressed as a switch in the sign of middle latency
cutaneous reflexes, from facilitation during static contraction
to inhibition during movement. Interestingly, this taskdependency of cutaneous reflexes is very similar to that seen
during leg cycling (Zehr et al. 2001b). In that study it was
shown that cutaneous reflexes in the ankle extensor medial
gastrocnemius (MG) was excitatory during static contraction
but switched to inhibition during leg cycling at matched positions (see Fig. 5c). CPG activity could regulate this reflex
reversal during leg cycling and a similarity of responses in
the arms during arm cycling suggests similar underlying
neural mechanisms. The implication of these observations is
that neural mechanisms active only during rhythmic movement (i.e., CPGs or peripheral feedback) have a specific
modulatory effect on reflex amplitude.

cant effect (see sections 4 and 7). Thus, H-reflexes are taskdependent during rhythmic movement of the upper limb.
This is consistent with results on task-dependent modulation
of cutaneous reflexes during arm cycling (Zehr and Kido
2001). In that study, task-dependency could be observed as a
change in reflex amplitude or sign (see Fig. 5b). Shown in
the figure is an example of task-dependent reflex reversal of
a middle latency cutaneous reflex. Generally, cutaneous reflexes are of larger amplitude during arm cycling than dur-

Active vs. passive arm movement
Comparison of active and passive movement can be used
to dissociate the contributions to reflex modulation that stem
from central structures (e.g., supraspinal inputs and CPG
output) from those related to peripheral feedback generated
by the movement itself (e.g., muscle spindle discharge, skin
stretch, etc.). Modulation of reflexes during passive movement provides evidence that reflex pathways can be gated in
part by peripheral feedback. This has been demonstrated to
great effect for the H-reflex pathway in the human leg,
where soleus H-reflexes during leg cycling are strongly inhibited by both active and passive movement (see Brooke et
al. 1997 for review). Passive movement about the hip also
modulates H-reflex amplitude in neurologically intact and
spinal cord injured humans (Knikou and Rymer 2002a,
2002b). Cutaneous reflexes in the leg are modulated during
© 2004 NRC Canada
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the movement cycle when active leg cycling is performed
(Brown and Kukulka 1993). In contrast, such modulation of
cutaneous reflexes is absent during passive movement
(Brooke et al. 1999). Thus there is a difference in the control
of cutaneous and H-reflexes in leg muscles during leg movement. Cutaneous reflexes are likely gated primarily by CPG
mechanisms whereas H-reflexes are gated by a combination
of CPG activity and afferent feedback (Zehr et al. 2001b).
As has been shown in the leg, H-reflexes in the forearm
muscles were shown to be inhibited by passive movement
(Zehr et al. 2003)(see Fig. 6) whereas passive movement had
little effect on cutaneous reflexes during arm cycling
(Carroll et al. 2004). Further, the pattern of cutaneous reflex
modulation depended almost exclusively on the performance
of rhythmic activity with the arm in which the reflex was expressed (Carroll et al. 2004). In comparison to active movement, cutaneous reflexes were small during passive arm
cycling and showed little phase modulation at either early or
middle latency (such as has been demonstrated during passive leg cycling; Brooke et al. 1999). The general pattern
suggests that meaningful modulation of cutaneous reflexes
in arm muscles occurs only during active arm cycling.
Cutaneous reflexes during forward and backward arm
cycling
Experiments in various preparations (e.g., cat and crayfish) have indicated that the motor program for forward
movement (e.g., CPG for locomotion) may be run in reverse
during backwards locomotion (Pearson 1993). Studies of
backward and forward walking in the cat show that when the
direction of motion is reversed, muscles are activated with a
similar temporal pattern but in reverse order (Buford and
Smith 1990; Buford and Smith 1993; Perell et al. 1993). It
has also been demonstrated in humans that the when reversed, kinematics (most notably at the hip) and EMG of
backward walking resemble those of forward walking
(Thorstensson 1986; Winter et al. 1989; Grasso et al. 1998).
Accordingly, an interesting test of the concept of CPG activity in regulating human rhythmic movement was conducted
by Duysens and colleagues (Duysens et al. 1996). They
studied modulation of cutaneous reflexes during forward and
backward treadmill walking. Possibly because of the small
differences in the biomechanics of forward vs. backward
walking (e.g., ankle motion), it was not a completely simple
reversal of the pattern of cutaneous reflex modulation for
forward and backward directions in all muscles. For example, during forward motion, the swing-to-stance transition
occurs with heel strike, whereas during backward motion toe
contact occurs at the same functional portion for the cycle.
The general pattern of modulation of reflex amplitude
throughout the step cycle was explained in terms of a CPG
running in “reverse” when going backward and allowing the
expression of a cutaneous reflex at the same functional portion of the movement cycle. Recently this experimental approach was applied to arm cycling (Zehr and Hundza, in
press). The approach in cycling avoids some of the biomechanical difficulties (e.g., ankle motion) mentioned for
backward walking because it is relatively simple to perform
a simple reversed movement during backward versus forward cycling. Indeed, forward and backward leg cycling
generate very similar but phase-reversed EMG patterns
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(Eisner et al. 1999; Ting et al. 1999). The patterns of EMG
activity were also quite similar for forward and backward
arm cycling (Zehr and Hundza, in press). However, EMG
amplitudes were typically higher during backward cycling.
Interestingly, reflex amplitudes were also modulated similarly during forward and backward cycling when examined
at the same position in the cycle. That is, maximal amplitudes of cutaneous reflexes were seen at similar positions in
the arm cycling motion (e.g., at the same “o’clock”) irrespective of forward vs. backward movement and independent of EMG level. This suggests that the circuits regulating
rhythmic arm movement may work in a similar but simply
reversed way during backward arm cycling. This observation is thus generally similar to that seen during cutaneous
reflex modulation in backward walking (Duysens et al.
1996).
Effects of rhythmic arm movement on reflexes in the
legs
Pathways linking the forelimbs and hindlimbs during
movements requiring coordination of all 4 limbs in quadrupeds have received significant attention (Miller et al. 1973;
Schomburg and Behrends 1978). Dietz (2002a, 2000b) has
suggested that humans may also use quadrupedal coordination, yet little is actually known about the effect of arm
movement on the excitability of reflexes in the legs of humans. The effects of stimulation of the cutaneous superficial
peroneal (SP, innervating the foot dorsum) and SR nerves
(innervating the hand) were examined in subjects maintaining tonic contractions (Zehr et al. 2001a). Interlimb cutaneous reflexes were seen in lower limb muscles after
stimulation of the SR nerve in the hand as well as in upper
limb muscles after stimulation of the SP nerve in the foot. It
was recently shown that during locomotion interlimb cutaneous reflexes in both the arms and legs evoked by stimulation
at the hand (SR) and foot (SP) were phase-modulated during
the walking cycle and were also task-dependent (Haridas
and Zehr 2003). Furthermore, extensive phase- and taskdependent modulation of cutaneous reflexes was seen in
many arm and leg muscles after SR stimulation during walking (Zehr and Haridas 2003). This may be evidence for functionally useful connections between the arms and legs that
may play a role in the coordination of the limbs during
walking. Reflex pathways linking cutaneous fields in the
hand to arm and leg muscles could assist in obstacle avoidance and response to perturbations as has been discussed for
reflexes within the legs (Zehr and Stein 1999). That is, coordination between the limbs requires coordination of CPGs
for the limbs. One way this linkage could be tested is to
evaluate the effect of movement of the arms on reflexes in
the legs.
Since both rhythmic arm and leg movements are performed simultaneously during walking, it is very difficult to
evaluate the location of the mechanisms regulating interlimb
reflexes during locomotion. Further, there may be an interaction between neural centres regulating rhythmic leg and arm
movements during walking. Thus, it is also necessary to examine the effects of rhythmic arm and leg movement in isolation. That is, for example, when the arms are rhythmically
active but the legs are stationary. It had been suggested that
the position of the arms could affect soleus H-reflex ampli© 2004 NRC Canada
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Fig. 7. Inhibition of soleus H-reflex amplitude by arm cycling.
Amplitudes during cycling (dark line) and during static trials
(light line) are shown for a single subject. The gray rectangle indicates the H-reflex. Control data are taken during static contraction at the same position sampled during arm cycling. Adapted
from Frigon et al. (Frigon et al. 2004).

tude (Delwaide et al. 1973; Delwaide et al. 1977; Eke-Okoro
1994). Very recently, the effects of rhythmic arm cycling on
H-reflex excitability in the soleus muscle have been studied
(Frigon et al. 2004). When subjects performed rhythmic arm
cycling, soleus H-reflexes were inhibited relative to reflexes
evoked when there was no arm movement (see Fig. 7). The
effect of this movement-induced inhibitory conditioning of
soleus H-reflex amplitude was shown to interact with
somatosensory conditioning evoked by sural or common
peroneal nerve stimulation. This led to the suggestion that
the modulation is probably mediated by presynaptic inhibition of IA afferent terminals. Interestingly, presynaptic inhibition is a dominant mechanism associated with the control
of rhythmic movement (Gossard et al. 1990)(for a review
see Stein 1995) and is known to modulate the H-reflex pathway (Brooke et al. 1997). Furthermore, it is thought that
mechanisms of presynaptic inhibition may help functionally
link CPG-related locomotor activity in the cat forelimbs and
hindlimbs (Rossignol et al. 1998). It is possible that rhythmic arm cycling may set a background level of reflex excitability for reflexes in the legs and that this is related to the
linkage between arm and leg movement during locomotion.
That is, the pattern of reflex conditioning observed in these
studies could represent the functional linkage of CPGs regulating arm and leg motions during locomotion.
Ipsilateral vs. contralateral movement
A requirement for coordinated locomotor-related rhythmic
movement is coupling between the limbs. It has been proposed that humans use “quadrupedal coordination” (Dietz
2002a) which includes CPGs for each limb (Zehr and
Duysens 2004). One aspect of this coupling is the modulation of crossed reflexes (e.g., a reflex recorded in one arm
after stimulation of the other arm). The extent to which
movement of one limb influences reflex modulation in the
other, contralateral limb, can be used to infer this type of
CPG-related gating of crossed reflexes. The strength of coupling between the limbs is quite strong for the legs.
Contralateral leg movement has a general suppressive effect
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on the soleus H-reflex with no phase-dependence (Collins et
al. 1993; Cheng et al. 1998). This effect is also seen during
passive movement of the contralateral leg (Cheng et al.
1998), suggesting part of this modulation is due to peripheral feedback only. However, experiments which have involved similar modifications during walking suggest that
central output also has a very strong effect (Garrett et al.
1999; Schneider et al. 2000).
In the arm, Delwaide et al. (Delwaide et al. 1988) showed
that both active and passive rhythmic movement of the
contralateral arm alone had little effect on the size of Hmax in
the forearm muscles, a result which contrasts with the observations for the legs. During arm cycling we also found that
contralateral movement (whether active or passive) did not
suppress forearm H-reflexes of various sizes (Zehr et al.
2003)(see Fig. 6). This lack of an effect of contralateral
movement in the arms suggests a strong specification for
modulation in the H-reflex pathway associated with each
arm. Similarly, for cutaneous reflexes, contralateral arm cycling had relatively little effect on reflex amplitude in the
opposite arm (Carroll et al. 2004). These observations on cutaneous reflexes suggest that there is relatively weak coupling between the arms during rhythmic arm movements.
Taken together with the observations on H-reflex modulation, it appears that the neural mechanisms regulating rhythmic arm movement are more powerfully specified for each
individual arm than is the case for the legs. CPGs for the
arms seem to be less involved in gating crossed reflexes than
that observed for the legs. This may arise because of weaker
coupling between CPGs for each arm than is the case for the
legs. We have speculated that this could be because of the
difference in how often isolated arm and leg movements are
performed habitually (Zehr et al. 2003).

Summary and conclusion
In the human, patterns of cutaneous and H-reflex modulation in leg muscles likely represent activity of CPG networks
associated with generating rhythmic locomotor drive for leg
movement (Duysens and Tax 1994; Duysens and Van de
Crommert 1998; Brooke et al. 1999; Zehr et al. 2001b). The
extensive task- and phase-dependency of reflexes observed
in arm muscles during rhythmic arm cycling and walking
suggests that there may be CPG networks contributing to the
control of rhythmic arm movement. As described above,
much of what has been documented for the legs during
rhythmic leg movement was also seen in the arms during
rhythmic arm movement. It is proposed that the rhythmic
EMG activity and patterns of reflex modulation observed in
the arms during rhythmic movements are consistent with the
existence of a separate CPG for the control of each arm.
This is similar to what could be predicted based upon a distributed segmental model for CPG networks (Kiehn et al.
1997; Stein and Smith 1997;Pearson and Ramirez 1997;
Duysens and Van de Crommert 1998; Duysens 1998;
Pearson 2000). However, there is relatively weak coupling
between the arms when compared with that observed for leg
muscles. The weaker coupling between the arms is reflected
primarily by the observation that movement of the contralateral arm has little effect on reflex modulation, an observation which contrasts with what has been described for leg
© 2004 NRC Canada
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Fig. 8. Schematic illustration of the possible organization of neural mechanisms regulating rhythmic arm movement. Supraspinal
input is shown descending from the top onto CPGs for left and
and right arms, interneuronal reflex networks, and motoneuronal
pool. Feedback arising from movement is shown at far left and
feeds onto the motoneurons, reflex networks, CPGs, and
supraspinal centres. The relatively weak interaction between left
and right arms is shown by the small reciprocal arrow. CPG,
central pattern generator; SMA, supplementary motor area; MLR,
mesencephalic locomotor region; CBM, cerebellum.
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has been suggested for other bimanual movements (Sadato
et al. 1997; Stephan et al. 1999), especially those utilizing
continuous rhythmic timing (Ullen et al. 2003). Given the
important role of the mesencephalic locomotor region for
regulation of lower limb rhythmic movement (see, for review, Whelan 1996), this may also be involved for rhythmic
arm movement. A coordinative role for the cerebellum may
also be anticipated (Crowdy et al. 2000; Pardoe et al. 2004).
In the model, CPG outputs may drive rhythmic arm movement both directly, via action on the motoneuronal pools,
and indirectly, via interneuronal reflex networks. Supraspinal inputs can act directly on the CPGs, interneuronal reflex
networks, and motoneurons. Feedback arising from rhythmic
arm movement is shown ascending at left. Evidence from
numerous experiments has been summarized here to support
the contention that CPG activity contributes to the production of rhythmic arm movement. Presently we have no clear
way of measuring or estimating the extent of this contribution, and it is likely that there is a large role for supraspinal
control (including possible inputs from primary motor cortex) during rhythmic arm movements, just as in the leg
movements of human walking (Schubert et al. 1997;
Capaday et al. 1999; Schubert et al. 1999). We suggest that
the spinal circuitry for rhythmic arm movement (e.g., CPGs)
acts as a “core” to help coordinate arm and leg muscle activity during gait. Superimposed upon this core are supraspinal
and peripheral inputs that can sculpt the basic pattern to the
particular needs of the individual during locomotion. It remains for further research to evaluate the nature and extent
of the contribution from each of these control mechanisms
to natural movements.
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