
REVIEW Central Pattern Generators

Sherlock Holmes and the curious case of the human locomotor central
pattern generator

Taryn Klarner1,2,3 and E. Paul Zehr1,2,3,4

1Rehabilitation Neuroscience Laboratory, University of Victoria, Victoria, British Columbia, Canada; 2Human Discovery
Science, International Collaboration on Repair Discoveries, Vancouver, British Columbia, Canada; 3Centre for Biomedical
Research, University of Victoria, Victoria, British Columbia, Canada; and 4Division of Medical Sciences, University of
Victoria, British Columbia, Canada

Submitted 25 July 2017; accepted in final form 11 March 2018

Klarner T, Zehr EP. Sherlock Holmes and the curious case of the human
locomotor central pattern generator. J Neurophysiol 120: 53–77, 2018. First
published March 14, 2018; doi:10.1152/jn.00554.2017.—Evidence first described
in reduced animal models over 100 years ago led to deductions about the control of
locomotion through spinal locomotor central pattern-generating (CPG) networks.
These discoveries in nature were contemporaneous with another form of deductive
reasoning found in popular culture, that of Arthur Conan Doyle’s detective,
Sherlock Holmes. Because the invasive methods used in reduced nonhuman animal
preparations are not amenable to study in humans, we are left instead with deducing
from other measures and observations. Using the deductive reasoning approach of
Sherlock Holmes as a metaphor for framing research into human CPGs, we
speculate and weigh the evidence that should be observable in humans based on
knowledge from other species. This review summarizes indirect inference to assess
“observable evidence” of pattern-generating activity that leads to the logical
deduction of CPG contributions to arm and leg activity during locomotion in
humans. The question of where a CPG may be housed in the human nervous system
remains incompletely resolved at this time. Ongoing understanding, elaboration,
and application of functioning locomotor CPGs in humans is important for gait
rehabilitation strategies in those with neurological injuries.

INTRODUCTION AND BRIEF BACKGROUND ON CENTRAL
PATTERN GENERATORS IN OTHER ANIMALS

“The scientist, if he is to be more than a plodding gatherer
of bits of information, needs to exercise an active imagi-
nation. The scientists of the past whom we now recognize
as great are those who were gifted with transcendental
imaginative powers, and the part played by the imaginative
faculty of his daily life is as least as important for the
scientist as it is for the worker in any other field—much
more important than for most. A good scientist thinks
logically and accurately when conditions call for logical
and accurate thinking—but so does any other good worker
when he has a sufficient number of well-founded facts to
serve as the basis for the accurate, logical induction of
generalizations and the subsequent deduction of conse-
quences.” (Pauling 1943).

“Data! Data! Data!” he cried impatiently. “I can’t make
bricks without clay.”

“The Adventure of the Copper Beaches” in The Adventures of
Sherlock Holmes (Sir Arthur Conan Doyle, 1892)

INTRODUCTION

Central pattern generators (CPGs) for walking are neuronal
networks that produce rhythmic activation of muscles that
control the limbs. There is a wealth of data to support the
existence of spinal locomotor CPGs in other animals but very
little direct evidence for CPGs in humans. In reduced animal
models, direct recordings can be taken, giving indisputable
evidence for the structure and function of CPGs in generating
rhythmic movements. In humans, the experimental techniques
needed to definitively confirm parallel observations are inva-
sive and thus not feasible or ethical to perform. Therefore, we
must rely on indirect evidence and inference—the process of
logical deduction—to assess the contributions of CPGs in
rhythmic human movements. The exact locations of the CPG
networks, how many there may be, and how they are coordi-
nated remains beyond the scope that our methodologies can
reveal. Thus, in this review, we use the term CPG as an
umbrella term encompassing one or many distributed CPG
networks.
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Over a century ago, Sir Charles S. Sherrington (1857–1952)
discovered that rhythmic movements could be evoked by
connections intrinsic to the spinal cord (Sherrington 1906). In
decerebrate cats and dogs with full cervical transections, elec-
trical and mechanical stimulation of the skin elicited repetitive,
stereotyped, and automatic hip and knee movements that pro-
duced rudimentary stepping. Sherrington noted that the rhythm
of the response was highly modifiable by peripheral feedback.
As stimulus intensity increased, movement amplitude and the
number of cycles increased, whereas onset latency decreased.
From these observations, it was clear that the spinal cord was
capable of producing a rhythm; however, Sherrington origi-
nally concluded that locomotor-like movements were of pe-
ripheral origin. He thought that the crossed extension reflex,
involving ipsilateral flexion and contralateral extension, could
be responsible, where one movement would elicit the next
successive movement (Sherrington 1910).

Thomas Graham Brown (1882–1965), another pioneer in the
field and a student of Sherrington’s, made related observations
of rhythmic movement using decerebrate cats with thoracic
spinal cord transection. Unlike Sherrington’s models, these
animals were also deafferented by cutting the afferent nerves
from the hindlimb muscles. With the animals under general
anesthesia and lying on one side, tonic electrical and mechan-
ical stimulation caused stepping movements in the hindlimbs.
Brown recorded bursting in alternating pairs of antagonist
muscles in the hindlimbs that occurred not only without higher
level input from the brain, but without sensory input. From this
observation, it was clear that something intrinsic to the spinal
cord was responsible for generating patterned locomotor ac-
tivity (Brown 1911). Thus Brown extended Sherrington’s orig-
inal observations to state that locomotor rhythms are not of
peripheral origin but that a “mechanism confined to the lumbar
part of the spinal cord is sufficient to determine in the
hindlimbs an act of progression” (Brown 1911, p. 308).

From this, Brown (1911) proposed and developed the widely
accepted “half-centre model.” This model describes the essen-
tial structural design of a CPG and how it oscillates to produce
the basic rhythm and pattern for stepping. Although this model
has not been definitively demonstrated in all vertebrates, it is
certainly a popular and useful model to describe how CPGs are
structured. In the model, each half-center consists of two
groups of spinal neurons that individually have no rhythmo-
genic ability. Activity in the first group of neurons (e.g.,
extensor half-center) sends commands to motoneurons to ex-
cite extensor muscles while simultaneously inhibiting the re-
ciprocal group of neurons in the flexor half-center. Brown
proposed that due to some “fatigue” mechanism, the firing in
the active extensor half-center slowed, releasing the opposing
flexor half-center from inhibition, and then the flexor half-
center would predominate for a new phase of activity such that
the pattern continues. It is important to note that Brown was
not able to directly measure the activity from interneurons
involved in his CPG model. Instead, he used logical deduction
to lead to the conclusion that mechanisms intrinsic to the
mammalian spinal cord were contributing to the locomotor
pattern.

These early observations of Sherrington and Brown at the
beginning of the 20th century opened a new line of research
and altered thinking about the spinal cord and its intrinsic
capacity for producing movement (Brown 1914). Despite this,

there was a long pause in research, and decades passed before
this work was investigated further. It was not until the 1960s
and onward that the foundational work would be supported and
extended. It was with the advent of new technologies that the
cellular and neural mechanisms involved in CPG activity could
be uncovered. For example, the development and application
of intracellular recordings in the 1960s provided the first
evidence to support Brown’s idea of half-center activity. By
electrically stimulating high-threshold cutaneous and muscle
afferents (so-called “flexor reflex afferents”), short sequences
of alternating rhythmic activity in flexor and extensor mo-
toneurons were recorded (Jankowska et al. 1967). This re-
vealed the ways in which spinal CPGs could serve as the basic
building blocks of the circuitry required for locomotion.

Since the 1980s, various molecular, genetic, pharmacologi-
cal, and imaging studies have been conducted to understand
and determine the localization and organization of the cellular
and neural substrates for the locomotor CPG (Grillner 1975;
Kiehn and Butt 2003; Kiehn and Kjaerulff 1998). Electrophys-
iological recordings have revealed neuronal activity and cellu-
lar components all the way down to the level of a single spinal
neuron (Ayers et al. 1983). To explain how an ensemble of
spinal cells can elicit rhythmic motor patterns in the absence of
supraspinal control or external feedback, many researchers
have relied on simpler vertebrate species (particularly the
lamprey) to model locomotion (Grillner et al. 1998a, 1998b).
The lamprey makes a good model because its nervous system
has a simple structure with very few neurons, making mea-
surement somewhat easier (Grillner 2006). In addition, because
the excised spinal cord can survive for days, direct cellular
measurements can be taken while motion is produced indica-
tive of a CPG (Grillner 2006). To understand the cellular basis
of rhythmic motor and locomotor patterns, studies have been
conducted on the sea slug, leech, cockroach, stick insect, and a
variety of crustaceans (Büschges et al. 2008; Friesen and
Kristan 2007; Hooper and DiCaprio 2004; Hughes and Wi-
ersma 1960). In addition, experiments in in vitro isolated
neonatal rat and mouse preparations and in transected adult rat
and mouse models led to substantial advances in cellular target
identification of the receptors and channels associated with
locomotor rhythm generation and modulation (reviewed in
Guertin 2013). Other observations further refined Brown’s
half-center CPG model by revealing an asymmetrical domi-
nance in half-center activation (Duysens and Pearson 1976;
Duysens 1977; Duysens et al. 2013). In most cases, and
certainly when neuromodulators are used to induce locomotor-
like activity in the isolated spinal cord, there is a bias toward a
flexor dominance (Hägglund et al. 2013).

In this review, we frame the quest to identify CPG activity
in human locomotor activity as a mystery requiring powers of
logical deduction based on indirect evidence. As suggested
above, early observations of neural mechanisms underlying
motor control of walking began in the late 19th century,
spurred by the work of Sir Charles Sherrington. We turn to
19th century popular culture and the deductive reasoning
approach of the first of the great superheroes—the detective
Sherlock Holmes.

Perhaps it is fitting that the approach of a fictional character
like Sherlock Holmes is used to discuss a biomedical research
problem. The inspiration for the reasoning approach of Sher-
lock Holmes in the writing of Sir Arthur Conan Doyle was
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significantly influenced by a real-life physician and medical
lecturer, Dr. Joseph Bell at the University of Edinburgh.
During his own medical training, Doyle was impressed by
Bell’s “method of deducing the history and circumstances of
his patients.”

Finding supporting evidence to solve a perplexing puzzle
was routinely described as “elementary” for Sherlock Holmes
in the writings of Doyle. Borrowing the reasoning approach of
Sherlock Holmes, we attempt to frame the mystery of human
locomotor CPGs in terms of evidence, clues, and deductive
conclusions. Indeed, the weight of reasoning and deduction has
a long history in science, as described by Galileo Galilei
(1564–1642): “...the authority of a thousand is not worth the
humble reasoning of a single individual.”

KEY “CLUES” SYMPTOMATIC OF HUMAN CPG ACTIVITY
DERIVED FROM EVIDENCE IN REDUCED ANIMAL
PREPARATIONS

“Your case is an exceedingly remarkable one, and I shall be
happy to look into it.”

“The Red-Headed League” (1891)

By studying and understanding simpler systems for the struc-
ture and function of CPGs, we can build up to understanding
walking control in humans. In the style of Sherlock Holmes, using
observations from other animal preparations as background al-
lows speculation and hypothesis about what should be observable
if CPGs are activated to control rhythmic human movement.
Evidence and observations from humans based on hypotheses
derived from studies in other animals will be used to assess the
concept of CPG contributions to locomotion in humans.

Experimental data obtained from other animals reveal a very
intricate and detailed model for locomotion. From these exper-
iments, several key observations support the structure and
function of locomotor CPGs. Below is a summary of the most
important findings to support and describe spinal CPGs:

1) The isolated spinal cord can produce rhythmic motor
output;

2) Sensory feedback is modulated by phase, task, and con-
text to reinforce, modify, and sculpt rhythmic motor
output to environmental conditions during locomotion;

3) Overlapping neuronal networks are recruited for different
rhythmic tasks;

4) Locomotor circuitry are distributed along the spinal cord
with cervical and lumbar enlargements regulating fore-
limb and hindlimb control respectively, which are con-
nected by propriospinal pathways; and

5) Locomotor retraining induces recovery of walking ability.

QUESTIONING AND EXAMINING THE “CASE EVIDENCE”
FOR CPGS IN HUMAN LOCOMOTION

“He possesses two out of the three qualities necessary for
the ideal detective. He has the power of observation and
that of deduction. He is only wanting in knowledge.”

The Sign of the Four (1890)

In neurologically intact humans, the same experimental
procedures used in reduced animal preparations are typically
too invasive to be applied. Instead, we must rely on extrapo-

lation of observations from the animal models of locomotion to
humans based on the assumption that there are fundamental
similarities in common principles of motor control across
vertebrates and invertebrates (Duysens and Van De Crommert
1998; Pearson 1993; Zehr et al. 2016). This approach hearkens
to the “principle of parsimony” commonly attributed as “Oc-
cam’s Razor.” William of Ockham (1287–1347) is said to have
argued that whenever multiple hypotheses must be considered,
we should always choose the one with the fewest and simplest
set of assumptions. This relates to the underlying principle
Doyle was getting at when he had Sherlock Holmes say “Once
you eliminate the impossible, whatever remains, no matter how
improbable, must be the truth.”

Moving forward, we operate on the simple assumption that
locomotor control in nature will be recapitulated in a similar
but adapted form in all species, including humans. Thus evi-
dence obtained from one species should be observable in
another species. In view of the very extensive evidence for
locomotor CPGs in other animals, it would be very surprising
if there was a complete lack of a CPG network in humans, and
no evidence has been presented to support this (Duysens and
Van De Crommert 1998; MacKay-Lyons 2002). It will be
shown below that there are indeed striking similarities between
other reduced animal preparations and humans with respect to
the neural control of locomotion. From the key observations
listed above that support and describe CPGs made from re-
duced animal preparations, predictions can be formed on the
structure and function of CPGs in humans.

1) Some Evidence That the Isolated Spinal Cord Can
Produce Rhythmic Motor Output

“The game is afoot!”

“The Adventure of the Abbey Grange” (1904)

An observation from other species to evaluate in humans is
that the spinal cord can produce rhythmic activity without
modulation from the brain or sensory feedback. From reduced
animal studies, it has been found that CPG networks are
housed within the spinal cord and, in isolation, can produce the
basic patterned motor outputs required for locomotion. Defin-
itive evidence of a spinal CPG in humans would require the
demonstration of locomotor-like rhythmic movements in an
isolated spinal cord with no descending input and no feedback
from the periphery. Such evidence in the human spinal cord is
not fully available; however, some indirect observations of
rhythmic activity support the suggestion of spinal and supraspi-
nal integration in CPGs subserving human locomotion: for
example, from studying stepping responses in those with spinal
cord injury, from observations of air-stepping in healthy par-
ticipants, an indirect observation of sleep-related rhythmic leg
movement, and in walking in human infants. These examples
all have one thing in common: descending input from supraspi-
nal centers is limited because the spinal cord is functionally
isolated from the brain. These examples are some of the best
evidence for CPG activity in humans.

Clues from those with spinal cord injury.

“It is more than possible; it is probable.”

“Silver Blaze” in The Memoirs of Sherlock Holmes (1893)
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Perhaps the best examples of CPG-mediated locomotion in
humans come from studying rhythmic movement in those with
spinal cord injury (SCI) (Bussel et al. 1988; Calancie et al.
1994; Dietz et al. 1994a, 1998; Dimitrijevic et al. 1998;
Harkema et al. 1997). This is because in this paradigm we can
better assess the role of the spinal cord during reduced su-
praspinal regulation (Dietz et al. 1998). Following SCI, spinal
circuitry below the lesion site does not become silent, but
rather continues to maintain active and functional neuronal
properties, although in a modified manner (de Leon et al. 2001;
Edgerton et al. 2001). Although not the first observation, a case
study of a patient with a clinically complete cervical SCI
provides compelling evidence for a spinal CPG. Rhythmic,
symmetrical, and bilateral myoclonic movements of the trunk
and lower limbs, resulting in hip and knee flexion-extension at
~0.6 Hz, were recorded when the participant was placed over
a treadmill (Bussel et al. 1988). This observation demonstrated
that in humans, rhythmic activity could be generated within the
spinal cord, without supraspinal inputs (Bussel et al. 1988).
However, stimulation applied below the level of the transec-
tion, for example, by twisting the toes, could induce, slow, or
interrupt the rhythmic activity (Bussel et al. 1988). Conversely,
peripheral stimulation above the level of the spinal transection
did not modify the myoclonus. Electrical stimulation of flexor
reflex afferents from the sural nerve also affected rhythmic
activity. During extensor activation, stimulation of flexor reflex
afferents induced a flexion reflex that induced alternating flexor
and extensor bursting activity that could be sustained for
several cycles (Bussel et al. 1988). Similar activation of a
spinal CPG by flexor reflex afferents was observed in cats
(Duysens and Stein 1978; Jankowska et al. 1967; Pearson
1995; Seki and Yamaguchi 1997).

Other evidence comes from a patient with an incomplete
injury of the cervical spinal cord (Calancie et al. 1994).
Although this person had no ability to generate voluntary lower
leg muscle activity, involuntary lower extremity stepping-like
movements were expressed spontaneously when the patient
was lying in a supine position. The movements were rhythmic
with “forceful and patterned” bursts of alternating activity
recorded from muscles of both legs. Peripheral feedback mod-
ified the rhythm such that movements increased with dorsiflex-
ion of the toes and were abolished by the patient flexing the
hips to 90°, rolling over, sitting up, or being moved to a
standing posture (Calancie et al. 1994). However, due to the
incompleteness of the lesion, this observation solicited further
substantiation in patients with a complete SCI.

This evidence from incomplete SCI is supported by the
presence of myoclonic rhythmic movements in six patients
with complete SCI (Calancie 2006) and spontaneous motor
rhythms of the legs, resembling bipedal stepping, in another
patient with complete spinal cord transection (Nadeau et al.
2010). It must be noted, however, that the observation of
spontaneous activity occurs more often in those with an in-
complete compared with complete SCI (Harkema 2008), sug-
gesting a strong modulatory role for supraspinal input.

Clues for CPG activity in humans have been provided by
observations of rhythmic, locomotor-like movement of the lower
limbs in complete SCI patients following epidural electrical stim-
ulation of the spinal cord (Dimitrijevic et al. 1998). Tonic stimu-
lation below the level of the injury (near L1–L3) triggered phasic
bursts of rhythmic output in motoneurons for the legs. Increased

stimulation amplitude resulted in increased electromyography
(EMG) amplitudes and an increased frequency of rhythmic activ-
ity (Dimitrijevic et al. 1998) in a manner reminiscent of Sher-
rington’s early observations in the cat. This is evidence that a
human spinal cord, with minimal or absent supraspinal input,
can generate rhythmic movements. However, there is still the
presence of modulatory sensory feedback. To address this, in
subsequent studies it was shown that epidural stimulation could
produce rhythmic EMG activities even when the legs were
stationary and thus producing minimal step-related sensory
feedback (Minassian et al. 2004). Although sensory feedback
has an influence on many features of the spinal rhythm, it
seems that it is not required to produce the elementary CPG
activity even in humans.

A final compelling observation that argues in favor of CPG
regulation taken from SCI participants is that leg muscle
activity recorded during walking far exceeds in amplitude the
maximum that can be achieved during a voluntary contraction
(Dietz 2003; Morawietz and Moffat 2013). This important
observation supports the notion that locomotor EMG is cen-
trally driven by something more than direct output from de-
scending supraspinal commands.

Clues from restless leg syndromes.

“Circumstantial evidence is a very tricky thing...”

“The Boscombe Valley Mystery” in The Adventures of Sherlock
Holmes (1891)

Another human model where supraspinal regulation of spi-
nal cord activity is functionally diminished is found in restless
leg syndromes. These syndromes can be found in those with
SCI, multiple sclerosis, sleep disruptions, and other neurolog-
ical disorders (Guertin 2013). Coming on either spontaneously
or during sleep, restless leg syndrome presents as rhythmic
flexion and extension of the toe, ankle, knee, and hip (Clardy
and Connor 2010). This clue provides evidence of a CPG
because patterned rhythmic movement can still be observed
despite reduced descending supraspinal regulation. In the case
of those sleeping, restless leg syndromes could arise from a
transient interruption in descending inhibition where spinal
CPGs for locomotion are activated (Coleman et al. 1980;
Chervin et al. 2003). In any case, periodic leg movements of
rhythmic activity may be associated with abnormal and invol-
untary activation of CPG networks.

Clues from passive air-stepping.

“You have brought detection as near an exact science as it
will ever be brought in this world.”

A Study in Scarlet (1887)

Under normal conditions, it is difficult to investigate CPG
functioning because of the interfering interactions of feedback
from the ongoing task of body weight and balance control. A
way to activate and reveal rhythm generation via CPG circuits
in conditions not affected by these extraneous factors is by
using an air-stepping paradigm in a reduced gravity situation
(Gerasimenko et al. 2010; Gurfinkel et al. 1998; Selionov et al.
2009; Sylos-Labini et al. 2014a). In this paradigm, with one leg
horizontally suspended and with subjects instructed to relax
and not to intervene with the induced movement, vibration of
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a muscle of the suspended leg can elicit cyclical hip and knee
movements in both legs (Gurfinkel et al. 1998). Rhythmic
EMG activity is reciprocally organized in the muscles around
the hip joint with movement restricted to the hip and knee. The
ankle joint is only involved if minimal loading forces are
applied to the foot (Gurfinkel et al. 1998). Interlimb connec-
tions were revealed when it was also shown that cervical
transcutaneous stimulation with vibration of the cervical spinal
cord significantly facilitated involuntary activation of the lum-
bosacral locomotor-related neuronal circuitry, producing leg
movements (Gorodnichev et al. 2012). The constant inflow of
proprioceptive afferents, due to the vibration, is thought to
have initiated and sustained activation of the spinal pattern
generation circuitry (Solopova et al. 2015). One possible route
for these trigger signals is through intrinsic spinal pathways
mediated by presumed propriospinal interneurons linking cer-
vical to lumbosacral regions in humans (Nathan et al. 1996).

Although rhythmic air-stepping activity evoked by vibration
is not strong enough for body support and propulsion, it does
support the view that the basic rhythm underlying locomotion
can be generated involuntarily in humans (Gerasimenko et al.
2010; Gurfinkel et al. 1998; Selionov et al. 2009; Solopova et
al. 2015; Sylos-Labini et al. 2014a). Reduced gravity also
offers unique opportunities for altered locomotor conditions for
gait rehabilitation while still activating pattern-generating net-
works (Sylos-Labini et al. 2014b).

Clues from infant walking.

“Altogether it cannot be doubted that sensational develop-
ments will follow.”

“The Adventure of the Norwood Builder” in The Return of
Sherlock Holmes (1903)

Indirect evidence for a locomotor CPG also comes from
studies of the automatic stepping response in human infants.
Providing physical support for an infant (who is unable to walk
and bear weight on its own) suspended over a treadmill can
allow elicitation of rhythmic stepping movements (Yang et al.
1998). This observation supports the notion of spinally driven
locomotor movements, because descending regulatory path-
ways involving the cerebellum and motor cortex are not fully
mature in a human infant (Khater-Boidin and Duron 1991;
Yang et al. 2004). Stepping movements have also been ob-
served in anencephalic infants, further intimating the existence
of CPG locomotor control centers below the level of the brain
stem (Forssberg 1992). In addition, ultrasound recordings have
revealed in utero images of human fetuses producing alternat-
ing primitive, steplike coordinated movement long before brain
development (Ianniruberto and Tajani 1981; Kozuma et al.
1997). These data support the notion that the onset of voluntary
stepping precedes development and full myelination of de-
scending pathways from the brain, and thus that the infant
stepping response is mediated by a spinal CPG mechanism.

Stepping movements in human infants are modulated by
movement-related sensory feedback. Limb loading is a pow-
erful signal for regulating the stepping pattern (Pang and
Yang 2000; Yang et al. 1998). Manually adding limb load
during the stance phase of gait by pushing down on the hips
prolonged the stance phase (Pang and Yang 2000), whereas
unloading the limb was an important cue for the transition

into swing phase for forward, backward, and sideways
walking (Pang and Yang 2000, 2001, 2002). Infants showed
well-organized and location-specific reflex responses to me-
chanical disturbances during forward, backward, and side-
ways walking (Lamb and Yang 2000; Pang and Yang 2000,
2001). These results are consistent with the concept that
sensory feedback can access and entrain CPGs subserving
multiple modes of locomotion, as is found in spinalized cats.

Recordings of leg muscle activity during stepping in neo-
nates, toddlers, preschoolers, and adults revealed that two basic
patterns of stepping are retained through development (Domi-
nici et al. 2011). The observation of a conservation of neural
patterning across development is also seen in other species,
including the rat, cat, macaque, and guineafowl (Dominici et
al. 2011). As rudimentary movements adapt and coalesce
during development, there is a conservation of locomotor
patterning apparent across species. This observation supports
the notion that a common ancestral neural network for central
locomotor control may exist (Dominici et al. 2011).

Summary of the evidence for rhythmic motor output from the
“isolated” human spinal cord. Stepping responses in those
with SCI, observations of air-stepping in healthy participants,
indirect observation of sleep related rhythmic leg movement,
and walking in human infants provide clues for a spinal
locomotor CPG in humans. A spinal mechanism is presumed
because descending input from supraspinal centers is function-
ally diminished. These clues are some of the strongest evidence
for a spinal CPG in humans. It must be noted, however, that
peripheral feedback and supraspinal inputs can never be totally
removed in these models. Thus, compared with other animals,
there is a more distributed “address” for where locomotor
elements “live” in the human nervous system.

2) Some Evidence That Sensory Feedback is Modulated
During Human Locomotion

“There is nothing more deceptive than an obvious fact.”

“The Boscombe Valley Mystery” in The Adventures of Sherlock
Holmes (1892)

Although the functionally isolated spinal cord possesses
impressive capacity to generate rhythmic output via CPG
networks, afferent signals are a critical part of the adaptive
motor control system. The timing information and reflex cor-
rections derived from sensory feedback are essential for effec-
tive locomotion and adaptation to the environment (Grillner
and Zangger 1984). Very early on, the importance of sensory
feedback in the control of locomotion was acknowledged for
its “regulative” role, rather than a “causative” role (Brown
1911, 1914). When Brown demonstrated that central oscillat-
ing mechanisms generated the basic stepping pattern, he also
acknowledged the role of sensory input in shaping this output,
commenting “there can be no question of its importance nor its
suitability to augment the central mechanism” (Brown 1911, p.
318).

There is ample evidence that CPGs require sensory feedback
to modulate and adapt their rhythmic output appropriately.
Indeed, if step cycle durations and muscle patterns were fixed
centrally and immutable, it would be impossible to adapt to
changes in the external environment and we would be con-
strained to locomote on flat planes. To achieve effective
locomotion, afferent feedback acts directly on the CPG and
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contributes to the modulation of its output (Duysens and Van
De Crommert 1998; Van de Crommert et al. 1998). In addition,
afferent feedback is also relayed to motoneurons via various
reflex pathways, and these pathways themselves are under the
control of the CPG (Burke et al. 2001; Zehr et al. 2004a; Zehr
2005). This way, the CPG ensures that reflex activations are
facilitated at appropriate times in the step cycle and suppressed
when not appropriate (phase-dependent modulation; Duysens
and Van De Crommert 1998).

From evidence in other animals, sensory feedback from
load, muscle stretch, and tactile cutaneous receptors provides
information required by the CPG circuitry to generate func-
tional and adaptive locomotion. Electrical stimulation at inten-
sities that preferentially activate afferent axons from these
so-called proprioceptive sensory receptors reveal they have the
ability to directly access, entrain, and reset CPG output. Sen-
sory feedback has a role in acting directly on the CPG to
initiate and facilitate phase transitions in rhythmic movements
(Conway et al. 1987; Duysens and Pearson 1980). For exam-
ple, activating hip flexor (sartorius muscle) afferents with
electrical stimulation modulated CPG activity by resetting the
locomotor rhythm from flexion to extension and caused gen-
eration of flexor bursts in contralateral leg flexor muscles in the
cat (Perreault et al. 1995). Flexor reflex afferents can access
deeply into CPG networks to reset the step cycle to a new
flexion (Jankowska et al. 1967; Schomburg et al. 1998). It must
be noted, however, that in these animals with reduced descend-
ing control, sensory feedback from a single input pathway is
sufficient to affect CPG activity. In intact animals, manipula-
tion of just a single type of sensory feedback is not sufficient
to modulate and reset rhythmic activity (Duysens and Stein
1978; Whelan and Pearson 1997).

Related observations are found also in human experiments
where transient changes in afferent activity do increase muscle
activity. However, an attempt to activate load sensory feedback
during the stance phase by adding a substantial weight at the
center of mass was insufficient to significantly change the
stance duration of the step cycle (Stephens and Yang 1999).
Therefore, it is unclear to what extent CPGs and sensory
feedback are integrated in the control of rhythmic motor
timing in humans. There are no studies in humans, as there
are in cats, that directly evaluate the exact contribution of
sensory feedback to CPG output. However, indirect meth-
odologies allow observations to be made in an intact ner-
vous system to evaluate how the CPG regulates afferent
feedback during rhythmic movement (Burke 1999; Zehr
2005). Although patterning is not accessible directly, the
effects of reflexes as indexes of CPG-related modulation
are. Reflexes arising because of activation of afferent pro-
jections from receptors in skin and muscle have been studied
widely and support the role of locomotor CPGs in the neural
control of rhythmic human movement.

Examining reflex activity and modulation during rhythmic
movement provides clues that indicate CPG regulation. Re-
flexes, measured as changes in muscle activity, are the re-
sponse to electrical or mechanical stimulation of a sensory
pathway. This approximates the input-output properties of
neural control where stimulation of a given sensory input and
a record of the pattern of modulation of motor output during
movement are compared. This approach has been used to great
effect in the quadrupedal locomotor system (Burke et al. 2001)

and is also effectively used in humans (Zehr and Duysens
2004; Zehr et al. 2004a). Examining the modulation of reflexes
during rhythmic movement, as an indirect indicator of CPG
regulation of afferent input, provides more data from which
clues for CPGs in humans have been gleaned.

Clues from task- and phase-dependent modulation of reflex
amplitudes.

“It is a capital mistake to theorize before one has data.
Insensibly one begins to twist facts to suit theories, instead
of theories to suit facts.”

“A Scandal in Bohemia” in The Adventures of Sherlock Holmes
(1892)

The presence of task- and phase-dependent modulation has
been used to infer the activity of CPGs in humans. Task- and
phase-dependent modulation of reflexes means that efficacy of
sensory input varies depending on the timing within a behavior
in which it occurs (Duysens et al. 1992; Van Wezel et al. 1997;
Yang and Stein 1990; Zehr et al. 1997; Zehr and Stein 1999).
An example of task-dependent modulation is depicted in Fig. 1.
H-reflexes are progressively inhibited across different tasks
from standing to walking to running (Stein and Capaday 1988).
H-reflexes examined during walking also show phase-depen-
dent modulation (Brooke et al. 1997; Zehr and Stein 1999).
Over the course of the gait cycle, there is phasic modulation of
the magnitude of the H-reflex and of the stretch reflex (the
mechanical analog of the H-reflex). At the late stance phase,
the reflexes in the soleus are facilitated, likely due to an
increase in excitability via facilitation along Ia reflex pathways
(Yang and Whelan 1993). Functionally, this assists in main-
taining an upright position where the reflex is largest in stance
phase when balance is required and smallest in the swing phase
when free movement is required and when a reflex activation
of soleus would counteract the flexion at the ankle (Capaday
and Stein 1986; Verschueren et al. 2002).

Task- and phase-dependent modulation is also observed for
modulation of cutaneous reflexes. In the cat, activation of
sensory afferents of cutaneous receptors from the foot, with
either direct skin stimulation or electrical stimulation of the
nerves, causes a dramatic effect on the locomotor cycle. With

H-reflex

M-wave

Fig. 1. Attenuation of reflexes under different behaviors. The cartoon subject
depicted in the top row is shown performing 4 different motor tasks. Results
show a corresponding decrease in H-reflex amplitude. Note that the M wave is
held constant and that the M wave and H-reflex amplitude would be normal-
ized to the maximal M wave for each condition across motor tasks to ensure
stimulus constancy and proper comparison. [Adapted from Zehr (2002).]
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stimulation of both the pad of the foot (Duysens and Pearson
1976) and dorsum of the foot (Forssberg et al. 1975), and in
fictive locomotion of decerebrate-paralyzed cats (Guertin et al.
1995) or decerebrate cats with transected spinal cords (LaBella
et al. 1992), cutaneous stimulation during the stance phase
evoked prolongation of extension to delay the foot leaving the
ground. Observations from these different spinal cat models
confirm that cutaneous feedback pathways make direct con-
nections with spinal cord networks by accessing excitation of
the extensor half-center and promoting increased extensor
activity (Pearson 2004).

In humans, the same observations of phase-dependent mod-
ulation of cutaneous feedback are confirmed. In some cases,
modulation is so powerful that a reflex can completely reverse
in sign. Such a phase-dependent reflex reversal is highlighted
in the tibialis anterior, where in the same muscle, the sign of
the reflex reverses from excitation in the early swing phase to
inhibition at the stance transition (see Fig. 2) (Duysens et al.
1992; Haridas and Zehr 2003; Yang and Stein 1990; Zehr et al.
1997).

Phase dependency is a symptomatic outcome of CPG output
that serves a functional role tuned to locomotor conditions,
allowing smooth progression. This keeps walking safe by
incorporating afferent information at appropriate times in the
walking cycle. For example, as part of the “stumble corrective
response” during walking, activation of the top of the swing
foot (by a physical perturbation or by electrical activation of

cutaneous nerves) causes a reduction in dorsiflexion, allowing
the foot to move past the perturbation and not disturb locomo-
tor progression. However, if the same input to the foot in stance
yielded similar neural coordination, the person would collapse.
Thus, depending on the phase, the same sensory input is
transformed by CPG activity to produce functionally relevant
outcomes. Control of sensory input is so finely tuned and
regulated that even among functional synergists (e.g., soleus,
lateral gastrocnemius, and medial gastrocnemius), the size of a
reflex can vary throughout the step cycle and can reverse in
sign (see Fig. 3) (Zehr et al. 1997).

Clues from mechanistic study of phase-dependent reflex
modulation.

“...the problem was already one of interest, but my obser-
vations soon made me realize that it was in truth much
more extraordinary than would at first sight appear.”

“The Adventure of the Crooked Man” (1893)

There has been much speculation as to how phase-dependent
modulation occurs during rhythmic motor tasks. Sensory feed-
back itself could be involved in modulating other movement-
related feedback from muscle or joint receptors (Drew and
Rossignol 1987; Misiaszek et al. 1998). The same inputs that
generate reflex output could alter presynaptic inhibition to
change the gain from muscle spindle group Ia and II and Golgi
tendon organ Ib pathways. However, phase-dependent modu-
lation is present in the hindlimb (Quevedo et al. 2005b) and
forelimb of the cat (Hishinuma and Yamaguchi 1989), exam-
ined by intracellular analysis of reflex pathways underlying the
stumble corrective reflex during fictive locomotion, when
movement is completely absent (Andersson et al. 1978;
Schomburg and Behrends 1978). The observation of phase-
dependent reflex modulation in the fictive preparation means
reflex modulation must be ascribed, at least in part, to spinal
CPG regulation (Andersson et al. 1978; LaBella et al. 1992).
Convergence of information from locomotor CPGs onto seg-
mental interneurons within feedback pathways has been pro-
posed as the source of the observed reflex modulation (Seki
and Yamaguchi 1997). Thus, along with presynaptic inhibition,
the CPG modulates the amplitude of primary afferent depolar-
izations in afferent reflex pathways (Gossard and Rossignol
1990).

Thus CPGs are likely responsible for regulating and balanc-
ing the overall strength of excitatory and inhibitory connec-
tions in the spinal cord that allow sensory information to be
incorporated (Abraham and Loeb 1985; Andersson et al. 1978;
Dietz 2002; Dietz et al. 2001; Duysens and Van De Crommert
1998; Duysens et al. 1990, 1992; Forssberg 1979; Komiyama
et al. 2000; Quevedo et al. 2005a; Van Wezel et al. 1997; Yang
and Stein 1990; Zehr and Duysens 2004; Zehr et al. 2004b).
With intracellular recording, spinal interneurons in spinal cord
circuits can be observed to participate in reflex modulation
(Bui et al. 2016; Quevedo et al. 2005a). In humans there are
several characteristics that reveal a central control mechanism
in modulating sensory feedback for task- and phase-dependent
modulation. These characteristics include that reflex modula-
tion is independent of changes in background EMG, only
occurs with active rhythmic but not passive movement, and is
not influenced by feedback in other sensory pathways.
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Fig. 2. Phase-dependent modulation and reversal of cutaneous reflex during
locomotion in the tibialis anterior (TA). The electromyography (EMG)
traces are from TA muscle and are the reflexes to tibial nerve stimulation
once the background locomotor-related EMG has been subtracted. An
arrow marks the excitatory reflex during swing, which becomes an inhib-
itory one at the swing-to-stance transitions. [Adapted from Yang and Stein
(1990) and reprinted from Zehr and Stein (1999).]
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In static tasks, there is a strong linear relationship between
reflex and background muscle activity, whereas during walk-
ing, reflexes are relatively uncorrelated and do not follow
background activation (Haridas and Zehr 2003; Van Wezel et
al. 1997; Yang and Stein 1990; Zehr et al. 1997). Such
observations suggest that modulation occurs at a premotoneu-
ronal level (Duysens and Tax 1994; Matthews 1986). An
example is shown in Fig. 4 where kinematics of knee move-
ment were matched to locomotor amplitudes during treadmill
walking (Zehr et al. 2007a). Cutaneous reflexes evoked in knee
extensor muscle vastus lateralis were tightly correlated with
background EMG level during voluntary knee extension but
completely dissociated during walking.

In the case of muscle afferent pathways, an increased reflex
attenuation during tasks implies a premotoneuronal mecha-
nism, because the response is independent of locomotor EMG
(Stein and Capaday 1988). Most likely, it is presynaptic inhi-
bition of Ia afferent transmission from CPGs as a mechanism
for inhibition of the same pathway, because presynaptic inhi-

bition is a major mechanism influencing spinal cord excitabil-
ity during interlimb locomotor activity (Capaday and Stein
1986; Crenna and Frigo 1987; Zehr 2006).

There is more evidence that spinal CPGs are responsible for
task- and phase-dependent modulation of sensory feedback
during locomotion. When a CPG for rhythmic movement is not
active, as in passive movements, phase-dependent modulation
is absent (Brooke et al. 1999; Carroll et al. 2005). This suggests
that modulation is not the result of movement-related afferent
feedback, associated with the passive movement, but is driven
by a central mechanism. This was confirmed with the obser-
vation that there was no effect on cutaneous reflex modulation
when muscle spindle sensory receptors were activated from
quadriceps muscles with patellar taps (Brooke et al. 1999). A
central mechanism, such as CPG networks, is predicted to be
responsible for phase-dependent modulation because reflex
modulation does not occur with passive movement, nor does
the interaction of other reflex pathways affect modulation
(Brooke et al. 1999).

TA

LG MG

Sol

100 ms
100 µV

1

8

11

16

Fig. 3. Subtracted electromyograms (EMGs) of
tibialis anterior (TA; top left), soleus (Sol; top
right), lateral gastrocnemius (LG; bottom left),
and medial gastrocnemius (MG; bottom right)
muscles after superficial peroneal (SP) nerve stim-
ulation for 1 representative subject. Throughout,
the stimulus artifact has been suppressed and re-
placed by a flat line, atop which has been placed a
thick dashed line. Each trace runs from 50 ms
before stimulation to 250 ms after stimulation.
Note phase-dependent reflex reversals in func-
tional synergists. [Adapted from Zehr et al.
(1997).]
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The way in which CPG neurons transform cutaneous input
changes as a function of the locomotor cycle. The fact that
cutaneous feedback during walking can cause a flexor response
during the swing phase, and an extensor response during the
stance phase, in the same muscle suggests that parallel excit-
atory and inhibitory cutaneous pathways could exist between
cutaneous receptors and motoneuron pools (Yang and Stein
1990). Indeed, the existence of parallel excitatory and inhibi-
tory pathways to motoneurons was revealed by analysis with
poststimulus time histograms (PSTH) of single motor units
from the tibialis anterior during walking (De Serres et al.
1995). With posterior tibial nerve stimulation, PSTH showed
that the same motor unit was excited during swing and inhib-
ited during the transition from swing to stance. The opening
and closing of these parallel pathways depends on the phase of
the rhythmic cycle where CPGs act to govern the overall
strength of the excitatory and inhibitory connections in these
parallel pathways (Duysens et al. 1992; Yang and Stein 1990).

Summary of the evidence from task- and phase-dependent
modulation of reflex amplitudes. The importance of the CPG is
its ability not only to generate repetitive cycles but also to
receive, interpret, and predict the appropriate action at each
part of the step cycle. This is made possible by constant input
from peripheral sources to update and sculpt CPG output. In
other animals, this relationship can be directly shown, but in
humans, examining task- and phase-dependent modulation of
reflexes during rhythmic movement provides an indirect indi-
cator of the relationship between CPG regulation and afferent
input. In humans, these observations provide some of the main
data on which the concept of spinal CPGs has been built. There
are several characteristics that reveal a central control mecha-
nism in modulating sensory feedback. These characteristics
include the facts that reflexes are modulated according to the
task- and phase- of movement, that reflexes are independent of
changes in background EMG, that modulation only occurs with
voluntary movement and not passive movement, and that
modulation is not influenced by feedback in other sensory
pathways. Together, these observations are evidence that a
spinal CPG is responsible for the fine-tuning of sensory feed-
back during rhythmic movement.

3) Some Evidence for Similar Neuronal Networks Recruited
into Different Rhythmic Human Motor Tasks

“You know my methods. Apply them!”

The Hound of the Baskervilles (1902)

In cats, the pattern-generating circuits for different rhythmic
functions overlap with shared networks to produce the behav-
iors they generate. Functional temporal reversals during back-
ward locomotion provide evidence of the adaptability of pat-
tern generators in the control of locomotion. In the cat, back-
ward walking is produced by a phase shift in activation of unit
burst generators controlling flexion and extension of knee and
hip muscles (Buford and Smith 1993). If shared circuitry for
various rhythmic movements is also within the human spinal
cord, it should be observed as a characteristic of human reflex
modulation. Indeed, reflex modulation, as well as joint power,
limb kinematics, and EMG activity in some muscles, is essen-
tially reversed in time during backward walking (Duysens et al.
1996; Thorstensson 1986; Winter et al. 1989). Cutaneous
reflexes are thought to be regulated by an equivalent neural
CPG mechanism, because responses are phase-reversed in
lower leg muscles such as tibialis anterior (Duysens et al.
1996).

Reflex modulation in pedaling (Brooke et al. 1997; Brown
and Kukulka 1993) is similar to that in walking (Yang and
Stein 1990), suggesting that related neural circuitry may be
operational in both tasks (Ting et al. 1999). Similar to obser-
vations in walking, forward and backward arm cycling are also
regulated by an equivalent neural mechanism, where at similar
phases in the movement cycle, responses of corresponding sign
and amplitude were seen regardless of movement direction
(Zehr and Hundza 2005). This extended also to leg cycling,
where a simple reversal in reflex patterning suggests that
forward and backward leg cycling are regulated by a similar
neural mechanism (Zehr et al. 2009a). In a further example, in
human infants, different directions of walking are ascribed to
flexible use of common locomotor spinal circuits (Lamb and
Yang 2000).

Comparable coordination patterns between activities involv-
ing all four limbs moving simultaneously and rhythmically also
exist. For example, during walking, creeping, and swimming,
responses that are suggestive of similar CPG output in all
activities have been shown (Wannier et al. 2001). Commonal-
ities in cutaneous reflex amplitudes in arm and leg muscles
were also seen across level walking, incline walking, and stair
climbing (Lamont and Zehr 2006). In other quadrupedal tasks,
reflexes were modulated in a similar way across walking, arm
and leg cycling, and arm-assisted recumbent stepping, where
similar phase-dependent modulation was observed despite dif-
ferences in movement kinematics (Zehr et al. 2007a). This led
to the conceptualization of relatively equivalent partitioning of
the locomotor cycle across different tasks (see Fig. 5). In the
damaged nervous system with descending disruptions after
stroke, common neural patterning from conserved subcortical
regulation persisted (Klarner et al. 2014b). This was evidenced
by a similarity in reflex modulation between different rhythmic
tasks (see Fig. 6). These findings imply that networks for arm
and leg coordination could reside in subcortical areas, because
damage to the brain following stroke still expressed common
neural regulation (Klarner et al. 2014b).
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Summary of the evidence across different rhythmic locomo-
tor behaviors. The “common core hypothesis” (Zehr 2005)
describes the concept that neural control, evidenced by exam-
ining similarities in reflex modulation, is conserved across
rhythmic arm and leg movements for different tasks such as

cycling, walking, stepping, and arm and leg cycling and can be
activated for different directions of action. That is, a flexible
central mechanism is likely responsible for regulating various
types of rhythmic movement in a similar oscillatory fashion
with a common core of subcortical elements expressing neural
activity to produce the basic pattern of arm and leg movement
(Klarner et al. 2014b; Zehr 2005; Zehr et al. 2007a). The ability
of a muscle to contribute to more than one function, with the
expression of each under neural modulation, gives the control
scheme flexibility and thus the capability to execute a variety
of tasks (Ting et al. 1999).

4) Some Evidence of Distributed Locomotor Networks and
Interlimb Connectivity in Human Locomotion

“I make a point of never having any prejudices, and of
following docilely where fact may lead me.”

“The Reigate Squires” in The Memoirs of Sherlock Holmes (1893)

As outlined above, EMG and reflex studies support the role
of locomotor CPGs in the neural control of rhythmic human
movement. In other animals, CPG networks are distributed
along the spinal cord for functional integration between the
forelimbs and hindlimbs. Given the potential for evolutionary
conservation, we presume that in humans, CPG networks can
be found in the cervical spinal cord and produce rhythmic
activity for arm swing. We would predict that, reminiscent of
what is demonstrated in quadruped locomotor studies, CPGs
for all limbs are interconnected in the central nervous system.

Clues from rhythmic arm activity.

“When one tries to rise above Nature one is liable to fall
below it.”

“The Adventure of the Creeping Man” in The Case Book of
Sherlock Holmes (1927)

FLEXION EXTENSION

Walking

STANCESWING

heel striketoe off mid swing mid stance
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Arm & Leg
Cycling

Acceleration of the foot AWAY from the pelvisAcceleration of the foot TOWARD the pelvis

Full flexion Full extensionFull extension mid extensionmid flexion

Arm & Leg
Stepping

Anatomical whole leg flexion Anatomical whole leg extension

Fig. 5. Comparison of different human loco-
motor behaviors involving all 4 limbs.
[Adapted from Zehr et al. (2007a).]
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The first evidence to consider is whether the arms show
features of CPGs, similar to what exists for forelimbs in
quadrupeds. We will see below that cervical CPG activity
does regulate arm swing, and in a similar way to how lumbar
spinal circuits are believed to regulate rhythmic leg move-
ment. One limitation to the extrapolation from cats to
humans is that bipeds and quadrupeds use different modes to
provide propulsion during locomotion. As humans, we can
walk without moving our arms, and there is no obvious
reason why humans need to move their arms when they
walk, yet rhythmic movements coordinated with the legs
naturally emerge during walking (Ford et al. 2007; Meyns et
al. 2013; Umberger 2008).

Rhythmic arm movements have been compared with a
pendular motion, although arm swing is not a passive action
(Ferris et al. 2006). Arm swing enhances stability by generat-
ing a horizontal torque at the upper trunk that may counteract
pelvis rotation and leg progression to minimize angular mo-
mentum (Li et al. 2001; Park 2008; Umberger 2008). Arm
swing movements are also affected by the legs, by forces being
transferred to the arms between trunk and shoulder ligaments
and muscles during walking (Pontzer et al. 2009). Indeed, it
has long been believed that the natural arm movement during
walking is not just a simple pendular movement resulting from
leg motion, but instead is neurally integrated into movement
(Elftman 1939).

Similarities between the control of legs and arms have been
observed by examining coordination and electromyographic
activity. Coordination patterns between the upper extremities

are similar to those of the lower extremities in human bipedal
locomotion, common with those of quadrupedal locomotion
(Van Emmerik et al. 1998). As for EMG activity, in general,
arm muscle activity is out of phase and reciprocating, as with
that of the leg muscles, but with slightly more coactivation
(Zehr and Kido 2001; Zehr et al. 2003b). In addition, within-
arm EMG activation patterns are coordinated with contralateral
arm muscles (Zehr and Kido 2001) and with EMG activation in
the legs (Zehr et al. 2003b).

Also as in the legs, task- and phase-dependent reflex
modulation, of both cutaneous and H-reflex pathways, is
seen during rhythmic arm movement (Zehr and Chua 2000;
Zehr and Kido 2001; Zehr et al. 2003a). For example,
cutaneous reflexes evoked with stimulation to the median,
ulnar, or radial nerve were of differing amplitude and sign
during arm cycling compared with static contractions at
matched positions in the cycle (see Fig. 7) (Zehr and Kido
2001). Cutaneous reflex reversal can be seen in some arm
muscles, in which reflexes may be excitatory during static
contraction but inhibitory during arm cycling. There is also
extensive task- and phase-dependent modulation of cutane-
ous reflexes in arm muscles during the natural arm swing of
walking compared with static contractions in matched po-
sitions (Zehr et al. 2003b).

Muscle afferent reflexes in arm muscles also showed task-
and phase-dependent modulation. In the forearm muscle flexor
carpi radialis (FCR), H-reflexes evoked during arm cycling
were phase modulated during rhythmic movement, indepen-
dent from background EMG modulation, and modulation was
not observed during static contractions at matched positions
(see Fig. 8) (Zehr et al. 2003a). During movement, forearm
reflexes were strongly inhibited compared with the amplitude
expressed during static contraction (Zehr et al. 2003a). Indi-
cating the interactive influence of afferent feedback on this
reflex pathway, H-reflex amplitudes were suppressed with both
active and passive movement (Zehr et al. 2003a) as seen in the
legs (Brooke et al. 1997).

Phase- and task-dependent reflex modulation of reflex
amplitude in the arms, characteristic of CPG regulation,
suggests equivalent neural control mechanism for the arms
and legs during rhythmic movement (Balter and Zehr 2007;
Dietz 2002; Dietz et al. 2001; Zehr and Duysens 2004; Zehr
and Kido 2001; Zehr et al. 2003b, 2004a, 2007c). Support-
ing a central locus of control for rhythmic arm movement, as
seen in the legs (Brooke et al. 1999), cutaneous reflexes are
not phase modulated during passive arm cycling (Carroll et

AD PD

150 ms 150 ms

Fig. 7. Phase-dependent modulation of cutaneous reflexes in arm muscles
anterior deltoid (AD) and poster deltoid (PD) from stimulation to the super-
ficial radial nerve during arm cycling. Cutaneous reflexes are modulated across
the movement cycle (from top to bottom). [Adapted from Zehr et al. (2012).]
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2003a).]
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al. 2006). These observations support the hypothesis that
rhythmic arm movements are partly regulated by CPGs, just
as for the leg (Dietz 2002; Dietz et al. 2001; Jackson 1983;
Zehr and Duysens 2004). During static contractions, reflex
amplitudes are highly correlated with background muscle
activity, whereas during rhythmic tasks, this relationship is
weak or absent, and indeed, reflex amplitudes in the arms
are modulated in a manner that is independent of back-
ground EMG activity (Zehr and Kido 2001; Zehr et al.
2003a, 2003b). These results highlight the different patterns
of reflex modulation between static contractions and rhyth-
mic arm movement, reflecting the differences in their neural
control. These observations also suggest premotoneuronal
gating of afferent feedback by spinal rhythm-generating
circuits in the arms, as described for the legs (Dietz 2002;
Dietz et al. 2001; Zehr et al. 2004a).

Other evidence supporting CPG contributions to rhythmic
arm movements comes from measuring the size of motor-
evoked potentials in response to transcranial magnetic stim-
ulation (TMS) during rhythmic arm movement (Carroll et al.
2006). It was found that motor-evoked potentials were
reduced in size compared with those recorded with tonic,
voluntary contraction (Carroll et al. 2006). This suggests a
reduction in the corticospinal influence during rhythmic
compared with voluntary arm movement. Thus, despite
highly developed corticospinal projections to the human
upper limb, subcortical regions likely contribute to the
control of rhythmic arm movements. Indeed, spinal mo-
toneuron excitability, as assessed using TMS-induced mo-
tor-evoked potentials from the biceps brachii, was increased
in arm cycling, showed task and phase dependency, and was
modified by cycling cadence (Forman et al. 2014, 2015).

A difference between neural regulation of rhythmic hu-
man upper and lower limb movement is the degree of
coupling between the limbs. Bilateral coupling between the
arms compared with that between the two legs is not as
strong, perhaps because of their different functional roles
during bipedal walking. For the legs, reflex modulation on
the ipsilateral side is dependent on contralateral active or
passive leg movement where a general suppressive effect
was recorded in the ipsilateral leg (Cheng et al. 1998;
Collins et al. 1993). In addition, contralateral reflexes follow
the movement phase of the contralateral leg, not the stimu-
lated one (Duysens et al. 1990; Tax et al. 1995). For the
arms, modulation for both cutaneous and H-reflexes on the
ipsilateral side is not dependent on contralateral active or
passive rhythmic arm movement (Carroll et al. 2005; Del-
waide et al. 1988; Zehr et al. 2003b). Instead, reflex mod-
ulation in the arm is more dependent on the activity state of
the limb in which the reflex is evoked (Carroll et al. 2005;
Hundza and Zehr 2006). These findings suggest that al-
though coupling is strong between the CPGs for each leg,
the CPGs for each arm seem to be less involved in gating
crossed responses (Carroll et al. 2005). Comparatively
stronger coupling between legs is likely explained by dif-
ferences in the functional roles of the arms vs. the legs in
human bipedal walking. Although the arms can be free to act
independently, it is essential to have strong leg coordination
to maintain dynamic upright posture.

Clues from interlimb reflex coordination between the arms
and legs.

“There is nothing more stimulating than a case where
everything goes against you.”

The Hound of the Baskervilles (1902)

Evidence suggests CPGs contribute to coordination of rhyth-
mic arm and leg movements, but to support interlimb coordi-
nation, significant connection between lumbar and cervical
spinal cord CPGs actuating individual limbs is required (Swin-
nen and Duysens 2005). Indeed, during rhythmic arm and leg
movements, arm activity contributes to the neural excitation of
leg muscles, indicating neural coupling between upper and
lower limbs in humans reminiscent of what is found in quad-
rupeds (Zehr et al. 2009b, 2016). In the following, as above,
evidence will be presented from human studies to show that the
arms and legs are neurologically connected. The basic idea of
all the experiments presented below is to detect coupling
between the arms and legs of bipeds based on indirect evidence
for interlimb locomotor linkages.

Clues for the existence of interlimb connections regulating
rhythmic activity of all limbs in humans will be presented
across several categories of experimental evidence. Through
observations of maintained coupling by changes in arm and leg
mechanical interactions and evidence of a widespread network
of reflexes in leg or arm muscles, there is strong support for
pathways linking muscles in the arms and legs. Effects of
remote rhythmic movement on motor output and reflex excit-
ability in the opposite set of limbs also demonstrate interlimb
coordination in humans. We will review different modes of
evidence that probe interlimb connections for the arms and legs
through spinal CPGs in humans.

“Education never ends, Watson. It is a series of lessons
with the greatest for the last.”

“The Adventure of the Red Circle” in His Last Bow (1911)

A way to probe for neural interactions between the arms and
legs during rhythmic movement is to study somatosensory
linkages in the form of interlimb reflexes (Burke et al. 1991;
Zehr et al. 2004a). For instance, interlimb coupling in humans
has previously been demonstrated by evoking reflexes in one
limb and observing the extent to which the movement of
another limb modulates reflex expression (Massaad et al. 2014;
Mezzarane et al. 2011; Zehr et al. 2003b). A possible route for
these interlimb coordination signals is through intrinsic spinal
pathways, made up of propriospinal interneurons, linking cer-
vical and lumbosacral regions. There is some direct evidence in
humans with supraspinal lesions and spinal cord transections
(Nathan et al. 1996). Pathways connecting spinal cord seg-
ments are suggested from studying those with SCI (Calancie et
al. 1996). The location of the injury in the 15 subjects studied
was at the cervical level, sparing the propriospinal pathways
linking the cervical and lumbar enlargements in the spinal
cord. With stimulation of cutaneous (distal tibial) and muscle
afferent (tibial and median) nerves, widespread responses in all
limbs were evoked, identified with single motor unit record-
ings. Discharge of motor units was also evoked with light
touch of the feet and individual hair movements (Calancie et al.
1996). Interlimb reflex properties were similar for both SCI
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and control groups for radial nerve stimulation at the elbow,
suggesting that the neural circuitry underlying these reflexes
does not develop as a result of SCI (Butler et al. 2016).

In humans with intact nervous systems, there is also indirect
evidence to suggest efficacy of these interlimb pathways. It
was initially shown that with noxious, high-intensity stimula-
tion of tactile afferents in nerves from the hand (median) and
foot (sural), distant motor nuclei undergo excitability changes
(Delwaide et al. 1981). A reciprocal pattern of facilitation and
suppression for the flexor and extensor reflexes in arm muscles
emerged with sural nerve stimulation, suggesting a coordinated
and functional interlimb linkage (Delwaide and Crenna 1984).
A connection between the arms and legs was also found in
human subjects where descending lumbosacral cord potentials
were recorded intrathecally after stimulation of the median
nerve at the elbow (Sarica and Ertekin 1985).

Examining cutaneous reflexes during static and rhythmic
movement has revealed a widespread interlimb network. There
is an extensive distribution of reflexes across many muscles in
both the arms and the legs, irrespective of which limb is
directly stimulated (Haridas and Zehr 2003; Zehr and Duysens
2004; Zehr et al. 2001). In humans in seated positions, strong,
early latency interlimb cutaneous reflexes were documented in
all limbs following stimulation to either the foot or the hand
(see Fig. 9) (Zehr et al. 2001). Responses were recorded from

multiple ipsilateral and contralateral muscles, particularly from
those that cross the ankle, wrist, and shoulder joints. These
connections provide a means for the direct relay of sensory
information through the nervous system that could be used to
increase coordination between the arms and legs for balance
and movement.

During walking, phase-dependently modulated interlimb re-
flexes in leg muscles were observed after wrist stimulation
(superficial radial nerve) and in arm muscles after ankle stim-
ulation (superficial peroneal nerve) (Haridas and Zehr 2003).
Compensatory responses at the ankle were reversed (see Fig.
10), where stimulation at the foot caused ankle plantarflexion,
and stimulation at the hand caused dorsiflexion (Haridas and
Zehr 2003). Connections between the arms and legs have also
been identified during other arm and leg movements, including
leg cycling (Sasada et al. 2010). Responses to superficial radial
nerve stimulation in the arms were evaluated, and it was found
that cutaneous reflexes in arm muscles were modulated by leg
cycling and further amplified with increased leg cycling fre-
quency (Sasada et al. 2010).

Afferent signals related to specific arm movement are crucial
signals to modify leg muscle activity through linked CPGs.
Phase-dependent responses found in muscles of all four limbs
during rhythmic movement are modulated in a way suggestive
of coupling between segmental spinal networks (Duysens et al.

Ipsilateral to stimulation Contralateral to stimulation

Anterior DeltoidAnterior Deltoid

Triceps Brachii

Flexor Carpi
Radialis

Flexor Carpi
Radialis

Biceps Femoris

Tibialis Anterior
Tibialis Anterior

Stimulation

100 ms

Fig. 9. Interlimb responses to superficial peroneal
nerve stimulation. Shown are the mean electromyo-
graphic responses (n � 50 sweeps) from different
single subjects. Responses are shown for muscles
ipsilateral (left side) and contralateral (right side) to
the site of stimulation. In each trace the stimulus
artifact has been blanked during the interval shown
by the solid black rectangle for ipsilateral tibialis
anterior. Arrows indicate the approximate anatomi-
cal location for each muscle. Individual calibration
bars represent 20% maximum voluntary contraction
for each muscle shown. Note that different scales are
used to highlight the reflexes for each muscle be-
cause reflex amplitudes were of different sizes
across muscles, and thus the size of the calibration
bar is different in each graph. [Adapted from Zehr et
al. (2001).]
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1992, 1996; Haridas and Zehr 2003; Yang and Stein 1990;
Zehr et al. 2003b). For example, rhythmic arm movement
significantly contributed to reflex expression in the legs (Balter
and Zehr 2007). The largest effect was observed during the
power phase of arm and leg cycling, which is at a comparable
time to heel strike in walking. The contribution from the arm at
this point could be explained by a reliance on multisensory
integration to ensure limb placement and safe walking.

Clues from mechanical changes in interlimb coordination.

“The authorities are excellent at amassing facts, though
they do not always use them to advantage.”

“The Adventure of the Naval Treaty” in The Memoirs of Sherlock
Holmes (1893)

Arm swing is coordinated with the legs, and the frequency of
the relationship depends on walking speed (Craik et al. 1976;
Donker et al. 2002). At most walking speeds (normal walking,
jogging, running), this pattern consists of a 1:1 frequency ratio
with out-of-phase arm swing where each arm is paired with its
contralateral leg and synchronized with stride frequency. Even
across quadrupedal tasks such as walking, creeping, and swim-
ming, arm and leg movements remain frequency-locked with a
fixed relationship (Wannier et al. 2001). The characteristics of
this coordination correspond to the observation that coordina-
tion is indicative of intrinsic spinal interconnections between
the upper and lower spinal CPGs that are engaged in the
locomotor function (Wannier et al. 2001).

To further reveal changes in interlimb coordination due to
changes in interlimb kinetics, weights were added to the wrist
or ankle (Donker et al. 2002). Adding mass to the wrist during
walking resulted in increased muscle activity in both arms and
a decrease in the movement amplitude in only the loaded limb
but did nothing to change leg kinematics or cadence. Con-
versely, adding load to the ankle produced increased muscle
activity and movement amplitude in both arms (Donker and
Beek 2002; Donker et al. 2002). These results indicate that
during walking, the loading of one of the limbs induces a
general reorganization, involving all participating bodily seg-
ments, presumably to maintain balance while providing rhythm
constancy. Alterations in coupling patterns between upper and
lower extremities are also shown with changes in walking
speed and implicate interaction among CPGs. Decreasing
walking velocity to relatively slow speeds at approximately
�0.7–0.8 m/s causes both arms to swing minimally and in
phase at twice the ipsilateral step frequency (producing a 2:1
frequency ratio) (Donker et al. 2001; Ford et al. 2007; Wage-

naar and van Emmerik 2000), resulting in a change in interlimb
coordination between the arms and the legs. As humans change
walking speed, the nervous system adapts muscle activation
patterns to modify arm swing to the appropriate frequency
(Collins et al. 1993).

Coordination of arm and leg movements during human
locomotion has also been evaluated by examining the effects of
small leg perturbations during gait on leg and arm EMG
activity (Dietz et al. 2001). During walking with split-belt
treadmill accelerations or decelerations or with stimulation of
the distal tibial nerve, responses were observed in arm muscles
that were small or absent during standing, largest when the
perturbation was applied to the stance phase, and correlated to
compensatory responses in the ankle dorsiflexor tibialis ante-
rior muscle (Dietz et al. 2001). These observations show that
there is a task-dependent, flexible neuronal coupling between
lower and upper limb muscles as a residual function of qua-
drupedal locomotion (Dietz et al. 1994b, 2001). Also, by using
a split-belt paradigm and applying four different combinations
of left and right speed ratios, upper and lower limb coordina-
tion was revealed. Increasing the right-side belt speed caused
increased amplitude in the right limb and decreased amplitude
in the left limb but increased amplitude in both upper limbs
(MacLellan et al. 2013) These observations show that CPGs
for the upper and lower limb regulate full body movement to
maintain the rhythmic locomotor pattern.

Further support for a ascending bias in locomotor coupling
was found when deliberate changes in leg cycling cadence led
to modified arm cycling cadence, but voluntary changes in arm
cycling cadence did not affect the legs (Sakamoto et al. 2007).
This was evaluated by using a combined arm and leg cycling
task where arm and leg ergometers were mechanically
independent.

In addition to changes in frequency coupling and kinematic
amplitudes as a result of altering interlimb coordination,
changes in EMG amplitudes also emerge. Active arm move-
ment during arm and leg recumbent stepping significantly
increased involuntary activation of the leg muscles (Ferris et al.
2006; Huang and Ferris 2004). This observation was only seen
when the arms were active and disappeared when the legs were
externally driven. The effect of changing arm movement fre-
quency on interlimb coupling and leg activation was also
examined during recumbent stepping (Kao and Ferris 2005).
Fast upper limb movement facilitated neuromuscular recruit-
ment of lower limb muscles (Kao and Ferris 2005), likely via
spinal interlimb connections from propriospinal neural cir-
cuitry (Dietz 2002; Kao and Ferris 2005).
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Fig. 10. Summary of the kinematic changes at
the ankle with superficial peroneal nerve stim-
ulation at the stance-swing transition for both
the ipsilateral (left) and contralateral (right)
sides. Solid foot represents the foot in which
the response to stimulus occurred. Jagged
arrow indicates site of stimulation; solid
arrow indicates plantar flexion; open arrow
indicates dorsiflexion. Note the changes in
ankle kinematics with different sites of
stimulation. [Adapted from Haridas and
Zehr (2003).]
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In a final paradigm revealing interlimb connections, when
participants were laid horizontally on their side with each leg
suspended in an unloading exoskeleton, locomotor-like leg
movements were evoked by rhythmic arm movements, remi-
niscent of Graham Brown’s early work (Sylos-Labini et al.
2014a). Leg movements were accompanied by EMG activity in
proximal leg muscles, which were modulated over each move-
ment cycle and displayed similar timing as in normal locomo-
tion (Sylos-Labini et al. 2014a). In particular, movement at the
shoulder increased activity of hip muscles and amplitude of hip
and knee joint movements, whereas and movement of the
forearms and wrists had a similar facilitating effect but with a
stronger influence on distal segments (Selionov et al. 2016).

Clues from remote modulation of spinal cord excitability.

“Never trust to general impressions, my boy, but concen-
trate yourself upon details.”

“A Case of Identity” in The Adventures of Sherlock Holmes (1891)

Determining the specific locus mediating interlimb coordi-
nation is difficult because of the concurrent and interfering
effects of rhythmic arm and leg activity. Interlimb reflex
effects could result from afferent signals arising from the
rhythmic movement (Haridas and Zehr 2003). To mitigate
these effects, interlimb coordination has been examined by
evaluating the remote effects of rhythmic movement on sta-
tionary limbs (Frigon et al. 2004). An interaction between
upper limb posture and reflex transmission in the lower limb
was first identified by changes in upper limb posture altering
stretch reflexes in soleus, quadriceps, and biceps femoris mus-
cles (Delwaide et al. 1977). In addition, passive flexion and
extension movements at the elbow facilitated soleus H-reflex
amplitudes (Hiraoka and Nagata 1999), and conversely, arm
swing movements reduced soleus H-reflex amplitudes (Hi-
raoka 2001).

An observation of interlimb effects has also been made by
systematically examining the effects of remote movement on
H-reflex excitability (Frigon et al. 2004). In this paradigm,
subjects performed rhythmic arm cycling while soleus H-re-
flexes were evoked and recorded (see Fig. 11). During arm
cycling, soleus H-reflexes were significantly reduced compared
with amplitudes evoked when no arm movement was per-
formed (Frigon et al. 2004). These results provided evidence of
the existence of neuronal coupling between the arms and the
legs (de Ruiter et al. 2010; Dietz 2002; Dragert and Zehr 2009;
Frigon et al. 2004; Hundza and Zehr 2009; Hundza et al. 2012;

Loadman and Zehr 2007; Mezzarane et al. 2011; Zehr et al.
2007c). The effect of arm cycling on soleus H-reflex excitabil-
ity is independent from background EMG; therefore, a spinal
process is presumed where suppression comes from increased
segmental Ia presynaptic inhibition from arm CPG circuits
(Frigon et al. 2004).

Subsequent studies were conducted to further evaluate and
characterize this observation of modulation of soleus H-reflex
amplitude induced by rhythmic arm cycling. It was found that
there was phase-dependent modulation of suppression that
displayed a bell-shaped modulation curve (de Ruiter et al.
2010). It also was found that soleus H-reflexes were suppressed
for all arm, trunk, or leg movements, but a distinct and marked
reflex modulation occurred during locomotor-like anti-phase
arm swing and was maximally suppressed at a moment when
the heel strike would occur (Massaad et al. 2014). Changes in
arm range of motion during cycling, resulting in muscle length
changes, did not alter soleus H-reflex suppression (Loadman
and Zehr 2007), and an inhibitory effect was only observed
with active, rhythmic arm cycling and was not apparent during
passive, externally driven arm movement (Hundza et al. 2012).
By varying arm cycling frequency from 0.3 to 2 Hz, a threshold
of ~0.8 Hz for the interlimb modulation was discovered (Hun-
dza and Zehr 2009). This was interpreted as a threshold
frequency for effective activation of CPG elements for rhyth-
mic arm movement that are then signaled to the lumbar spinal
cord. It is worth pointing out that this frequency of 0.8 Hz is
very close to the intrinsic cycle frequencies for many locomo-
tor systems. Increased frequency of upper limb movement also
enhanced the modulatory effect of arm cycling on soleus
H-reflex excitability (Hundza and Zehr 2009). There was no
additional effect of varying arm cycling load or by adding
vibration to the arm muscles (Hundza et al. 2012). After stroke,
partial preservation of the descending modulatory effects of
rhythmic arm cycling on lumbosacral spinal cord excitability
can be seen where arm cycling modulates the soleus H-reflex
(Barzi and Zehr 2008) and stretch reflex (Mezzarane et al.
2014).

In the reverse experiment, it was shown that leg cycling also
leads to suppression of H-reflexes in stationary arm muscles,
including the FCR (Zehr et al. 2007c). However, the temporal
resolution (i.e., number of phases analyzed) needed to detect
phase-dependent modulation was lacking. In walking, when
16 phases of movement were analyzed, phase-dependent
modulation of H-reflexes in FCR was evident (Domingo et
al. 2014). To highlight the importance of movement-related

Static
Arm Cycling

20 ms

Fig. 11. Inhibition of soleus H-reflex ampli-
tude by arm cycling. Amplitudes during
cycling (black line) and during static trials
(gray line) are shown for a single subject.
The gray rectangle indicates the H reflex.
Control data are taken during static con-
traction at the same position sampled dur-
ing arm cycling. [Adapted from Frigon et
al. (2004).]
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feedback in modifying interlimb coordination, as opposed to
load-related feedback, FCR H-reflex amplitudes were stud-
ied during robotic-assisted stepping with and without body
weight support (Nakajima et al. 2011). Reflexes in the
forearm muscles were suppressed with stepping, and sup-
pression was seen at all phases of stepping, irrespective of
whether stepping was unloaded or body weight support was
provided (Nakajima et al. 2011).

With the use of this interlimb paradigm, observations to
support the idea that the interlimb mechanics underlying arm
and leg coupling are preferentially expressed during rhythmic
tasks came from studying subthreshold segmental Ia presyn-
aptic inhibition conditioning (Nakajima et al. 2013). Condi-
tioning the H-reflex with superficial radial nerve stimulation
removes the suppression effect of leg cycling, and radial nerve
stimulation amplifies suppression. When conditioning stimula-
tion intensity was reduced so that there was no postsynaptic
effect, it was shown that conditioning reemerged only during
the rhythmic locomotor behavior (Nakajima et al. 2013). To-
gether, these results suggest that it is a central motor command,
likely from the spinal cord, as the main source of regulation.

Summary of the evidence of distributed CPG elements and
interlimb connectivity. Indirect observation from human stud-
ies supports the observation that CPG networks are distributed
in cervical and lumbar spinal cord areas and are interconnected
for functional interlimb locomotor integration. In the arms, as
in the legs, observations of rhythmic muscle activity and task-
and phase-dependent modulation of reflexes suggest that reg-
ulation is from CPGs. Between the arms and legs, there is a
measurable functional neural coupling during rhythmic move-
ment. This is shown by flexible interactions between lower and
upper limb muscles from mechanical changes in interlimb
coordination, the presence of task- and phase-dependent inter-
limb reflex modulation, and modulatory effects of remote
rhythmic activity on local reflex excitability. Overall, these
data suggest that interlimb coordination is apparent and con-
tributes to the control of human locomotion.

Interlimb coordination likely arises from distributed loco-
motor network interactions between the cervical and lumbar
CPGs. Some of this coordination clearly arises also from
descending supraspinal commands along with these interac-
tions; however, many of the observations found in neurologi-
cally intact participants are mirrored in participants with SCI
and stroke with diminished descending influences. In addition,
reflex effects, recorded at latencies shorter than what can be
influenced by descending supraspinal commands, implicate the
contribution of lower level structures such as spinal cord
networks.

5) Some evidence that locomotor retraining induces recovery
of walking ability

“I have seldom known a case which at first sight presented
a more singular problem.”

“The Adventure of the Devil’s Foot” (1910)

As detailed above, evidence suggests that, like other ani-
mals, we humans have access to locomotor pattern generating
networks that are capable of coordinating the basic walking
pattern. It also appears that at least some of the neural networks
responsible for producing rhythmic movement are housed
within the spinal cord. We have seen that in other animals with

task-specific therapy, such circuits are amenable to retraining
and plastic adaptation. A major translational implication of this
observation is that the evidence of related observations should
be seen in humans.

From studies in other animals after spinal cord transection,
evidence shows the remaining spinal pathways can be trained
by using treadmill walking to facilitate positive use-dependent
plasticity corresponding to enhanced recovery of walking (Bar-
beau and Rossignol 1987). In cats with complete spinal cord
transection at T12–L1 between the forelimbs and hindlimbs,
hindlimb stepping recovered after 3–4 weeks of intense daily
treadmill training. Initially after the injury, cats demonstrated a
poorly organized hindlimb stepping pattern, but after training,
they demonstrated a “near-normal” pattern. EMG recordings
from hindlimb muscles in trained spinal cats are generally
similar to those from intact cats and many of the normal muscle
and skin reflex responses are apparent. Furthermore, by the end
of training, the cats were able to adjust the locomotor cycle to
adapt to varying treadmill speeds (Barbeau and Rossignol
1987), which suggests functional recovery.

Clues from interlimb neural coupling after stroke and spinal
cord injury.

“Those are the facts of the case, Doctor, and if they are of
any use to your collection, I am sure that they are very
heartily at your service.”

“The Adventure of The Gloria Scott” (1893)

In humans with neurotrauma, remaining neural networks are
strengthened with training proposed to enable activation of
spinal cord circuitry that restores normal CPG function and
corresponding locomotor activity (Dobkin 2004; Langhorne et
al. 2009). Caveats remain, however, about the extent to which
pathways mediating arm and leg movement remain accessible
after neurological damage such as SCI and stroke.

Data on interlimb responses obtained in persons with cervi-
cal SCI and stroke suggest that pathways mediating arm and
leg interactions are conserved and remain accessible after
neurological damage (Calancie 1991; Calancie et al. 1996;
Wirz et al. 2001; Zehr and Loadman 2012; Zehr et al. 1998,
2009b). In chronic stroke, partial preservation of rhythmic
patterning of arm muscle activation and neural control of spinal
cord excitability during arm cycling persists in both the more
and the less affected arms but is somewhat “blunted” (Zehr et
al. 2012). The simplest explanation is that presumed pattern
generator contributions to rhythmic human arm movement
remain accessible after injury. The observation of bigger im-
pairment of discrete reaching than of rhythmic actions after
stroke also supports subcortical contributions (Leconte et al.
2016). Interlimb coupling is also partially preserved after
stroke (Zehr et al. 2007b). Bilateral (but weaker on the more
affected side) modulation of soleus H-reflex amplitudes during
arm cycling was also evident after stroke. Subsequent experi-
ments assessing stretch reflexes in chronic stroke participants
produced bidirectional reflex modulation induced by arm cy-
cling (Mezzarane et al. 2014). Interlimb reflex coupling is also
maintained after stroke (Zehr and Loadman 2012), as deduced
from cutaneous stimulation in the more affected arm or leg
during walking (see Fig. 12).
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Thus the evidence suggests that after neurotrauma, neural
pathways remain open and accessible. If the pathways are
preserved after neurological injury, perhaps they are amenable
to training-induced plasticity from locomotor rehabilitation
exercise.

Clues from locomotor retraining interventions in humans
with neurological injury.

“I can discover facts, Watson, but I cannot change them.”

“The Problem of Thor Bridge” (1922)

For other animals, step training is made possible by placing
the animal over a treadmill. The ability to step with training is
replicated in humans with body weight-supported treadmill
training therapy (Duncan et al. 2011; Moseley et al. 2003;
Senthilvelkumar et al. 2015). For this therapy, participants
practice walking on a motorized treadmill with a harness
system providing body weight support, and stepping move-
ments are achieved with the help of robotic interfaces or
therapists.

In humans with clinically complete SCI, there is evidence
that treadmill training can improve some aspects of walking.
After training in patients who were otherwise unable to vol-
untarily produce muscle activation, some locomotor activity
with rhythmic leg muscle activation patterns could be elicited
(Dietz et al. 1995, 1998; Maegele et al. 2002). Even individuals
with clinically motor complete paralysis demonstrated modu-
lated activity of distal leg muscles during assisted stepping
with body weight support (Dietz 2002; Harkema et al. 1997).
As training progressed, the levels of applied body weight
support significantly decreased (Dietz et al. 1995) and activity
in leg extensor muscles significant increased (Wirz et al. 2001).
These improvements are thought to be a consequence of a
reactivation of neural circuits located at the spinal level (Van
de Crommert et al. 1998). Taken together, these findings
support the idea that the stepping ability of clinically complete
SCI subjects can improve in response to step training. How-
ever, in all of these cases, some weight support assistance was
provided, and patients did not recover enough for independent
walking.

Results from this therapy, where training leads to improved
walking for those with neurological injury, remain positive

(Dietz et al. 1998; Dobkin 2004; Duncan et al. 2011; Edgerton
et al. 2001; Field-Fote 2001; Moseley et al. 2003). Yet, body
weight-supported treadmill training does not fully exploit the
neuronal and mechanical linkages between the arms and legs
that are vital in normal human walking (Dietz and Michel
2009; Ferris et al. 2006; Klimstra et al. 2009; Zehr et al.
2009b). Normal walking involves arm movement, which we
assume is regulated by spinal CPG networks that are function-
ally integrated with those for the legs. With body weight-
supported treadmill training, the arms are typically used for
postural support on parallel bars or hand rails to help bear
weight from the legs (Behrman and Harkema 2000). With
current therapies, the lack of involvement with the arms not
only adds to the neural limitations that are already present due
to the pathology, but impaired arm function may actually
inhibit rhythmic stepping of the legs (Behrman and Harkema
2000). To optimize the benefits of task-dependent rehabilita-
tion, given that the arms are linked to the legs during locomo-
tion, it has been suggested that rehabilitation include arm
movements (Behrman and Harkema 2000; Dietz 2002; Ferris
et al. 2006; Klimstra et al. 2009; Zehr et al. 2009b, 2016).

Indeed, several studies have found benefits of incorporating
arm movements in gait rehabilitation. In subjects with incom-
plete cervical SCI, when arm activity is incorporated with
locomotor-like arm and leg movements, leg muscle activity is
facilitated (Kawashima et al. 2008). Gait symmetry and a more
normal presentation of EMG were also apparent in patients
with spastic paresis when arm swings were incorporated with
body weight-supported treadmill training (Visintin and Bar-
beau 1994). Compared directly with a paradigm that focuses on
leg training alone, FES-assisted arm and leg cycling nearly
doubles the improvements in overground walking capacity
following SCI (Zhou et al., in press). Thus activation of
cervicolumbar networks, compared with lumbar networks
alone, is critical to enhancing the benefits of rehabilitation.

This strategy is also effective in people with stroke where,
after arm and leg cycling training (meant to activate similar
cervicolumbar neural networks as walking), plasticity (Klarner
et al. 2016a) and improved neurological integrity and locomo-
tor ability (Klarner et al. 2016b) were obtained. In this para-
digm, participants with chronic stroke performed 30 min of
arm and leg cycling training (at a frequency of ~0.9 Hz) 3 times
a week for 5 wk (Klarner et al. 2014a).

The extent to which rhythmic arm training by itself activates
interlimb CPG networks for locomotion was also recently
assessed by studying chronic stroke participants before and
after 5 wk of arm cycling training (Kaupp et al. 2018).
Strength, assessed bilaterally via maximal voluntary isometric
contractions in the legs and hands, was improved for grip and
plantarflexion on the more affected side following arm cycling
training. Muscle activation during arm cycling was also en-
hanced, and a “normalization” of cutaneous reflex modulation
was observed. There was also enhanced activity in the dorsi-
flexor muscles on the more affected side during the swing
phase of walking, and interlimb coupling was shown to be
increased as assessed by modulation of soleus stretch reflex
amplitudes during arm cycling after training. Improvement in
clinical evaluations also resulted, showing improved walking
ability and balance. These results are most easily explained by
training-induced changes in CPG function and interlimb con-
nectivity and underscore the need for arm training in the
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Fig. 12. Single-subject example of cutaneous interlimb reflexes evoked by
superficial radial nerve stimulation in the biceps femoris muscle of the more
affected (MA) and less affected (LA) leg of a stroke participant. The gray
rectangle highlights the middle latency response. [Adapted from Zehr and
Loadman (2012).]
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functional rehabilitation of walking after neurotrauma. At least
some of this improvement was directly related to rhythmic
activation of the arms, because arm cycling training alone
produced similar improvements in walking capacity (Kaupp et
al. 2018).

As well as maximization of the contribution of arm activity
to the recovery of activity in the leg muscles, another part of
the nervous system to maximize is the contribution of sensory
feedback. Rehabilitation procedures for SCI patients should
not only look to active locomotor CPGs from both the arms and
the legs but also maximize phase-appropriate sensory signals.
For example, the use of periodic stimulation to ankle muscle
load afferents or stimulation to hip flexor stretch receptors
could usefully entrain CPG function (Duysens and Pearson
1998).

Because training improvements after stroke or incomplete
SCI in humans are partially correlated with increased cortico-
spinal drive to muscles and/or increased activity in cortical
areas (Dobkin 2004; Dobkin et al. 2004; Winchester et al.
2005), the engagement of supraspinal motor areas may also be
beneficial for gait recovery (van den Brand et al. 2012). There
are several ways to mimic supraspinal initiation of locomotion
experimentally. For example, transcutaneous electrical stimu-
lation of the spinal cord can be used as a noninvasive tool for
activation of locomotor circuitry in humans (Gorodnichev et al.
2012). Indirect activation can also be achieved with peripheral
muscle vibration, where steplike behavior is generated in those
with SCI (Field-Fote et al. 2012). The addition of neuromodu-
lators can also be used to boost lumbar CPG activation and
bipedal stepping expression (Guertin 2013). Although the ma-
jority of this research is on animals, there is some evidence to
suggest that the pharmacological activation of locomotor CPGs
may improve function and walking speed in severely impaired
individuals with SCI (Domingo et al. 2012). In this example,
clonidine and cyproheptadine were administered. Interestingly
the same or similar derivates of these pharmacological agents
can be used to reactivate CPGs in other animals as well as in
humans. The fact that the same chemical can be used to
activate spinal cord circuitry points to a conservation of ner-
vous system control across species.

Determining the exact localization of CPG elements in the
human spinal cord will prove useful in the development of
novel approaches for rehabilitation. With information on the
exact location of a CPG, more directed therapies, such as
intraspinal stimulation or epidural drug delivery, could be
usefully applied to fully maximize spinal cord excitability. If
we can make more definite conclusions about CPG location
and the mechanisms involved in interlimb communication,
more targeted approaches can be invented.

Summary of the evidence that locomotor retraining improves
walking integrity consistent with CPG adaptations. The neural
control of walking is not completely similar between humans
and other quadrupeds, and although walking improvements are
seen with locomotor training, they are not as profound as those
found in quadrupeds like the cat (Barbeau and Rossignol 1987;
Lovely et al. 1986) and nonhuman primates (Eidelberg et al.
1981; Fedirchuk et al. 1998). Differences in locomotor recov-
ery between humans and other animals suggest that adult
human locomotion is certainly under more supraspinal regula-
tion and control than that found in other animals (reviewed in
Capaday 2002; Nielsen 2003; Yang and Gorassini 2006).

Although this is the case, humans do benefit from exercise
therapy, and to fully maximize recovery, rehabilitation pro-
grams should incorporate rhythmic arm movements. As a
means of further bolstering activity, all parts of the nervous
system should be activated. Including contributions from ap-
propriately timed sensory feedback signals or adding electrical,
mechanical, or chemical stimulation to nervous system func-
tion may help to further amplify the effects of rehabilitation.

SUMMARY OF THE “CLUES” AND EVIDENCE IN THE CASE
FOR HUMAN LOCOMOTOR CENTRAL PATTERN GENERATOR

“...but none the less you must come round to my view, for
otherwise I shall keep on piling fact upon fact on you, until
your reason breaks down under them and acknowledges me
to be right.”

“The Red-Headed League” in The Adventures of Sherlock Holmes
(1892)

In this review we used a deductive reasoning approach,
made popular by the fictional character Sherlock Holmes, to
present and assess indirect evidence for CPG networks in
humans. Below is a summary of the “clues” and evidence for
key observations of human locomotor CPGs.

1) Some Evidence for a Spinal CPG Address in Humans

Observations of spontaneous rhythmic movements in the
legs, particularly from those with complete SCI, provide com-
pelling evidence for the contributions of spinal networks to
CPG activity regulating locomotion in humans. Other evidence
for a spinal CPG comes from observations of air-stepping in
healthy participants, an indirect observation of sleep-related
rhythmic leg movement, and study of the stepping response in
human infants.

However, sensory feedback below the level of the injury is
still intact and cannot be discounted in modifying the locomo-
tor rhythm. On this basis, the observation in animals that the
spinal cord in isolation can produce rhythmic activity via a
CPG is not fully supported in bipedal humans.

It is apparent that the human spinal cord is much more
reliant on supraspinal control for the expression of locomotor
activities compared with other quadrupedal animals (Barthé-
lemy et al. 2011; Beloozerova et al. 2013; Capaday 2002;
Nielsen 2003; Petersen et al. 2012; Yang and Gorassini 2006).
This is not surprising given the mechanical differences in
quadrupedal vs. bipedal gait.

Therefore, because of an increased reliance on supraspinal
control during walking, it is concluded that the CPG network in
humans is much more distributed throughout the central ner-
vous system compared with that in other animals. More defi-
nite evidence is needed to fully determine the anatomical and
functional delineations and hierarchies of the locomotor CPG.

2) Some Evidence That Sensory Feedback is Modulated
During Human Locomotion

Although CPGs can function without sensory input, periph-
eral feedback signals gained during locomotor movements are
strong modulators capable of altering the activity of CPG
networks, exposing their flexibility and adaptability. In other
animal studies, direct connections between sensory feedback
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and CPG activity have been shown where feedback entrains
and modifies rhythmic CPG activity.

In humans, indirect methodologies for examining the modula-
tion of reflexes during rhythmic movement are used as an indi-
cator of CPG regulation of afferent input. Reflexes, arising be-
cause of activation of afferent projections from receptors in skin
and muscle, have been studied widely and support the role of
locomotor CPGs in the neural control of rhythmic human move-
ment. CPG activity allows for flexible transmission of sensory
feedback during gait where signals are controlled and modulated
by the motor task and phase of transmission. In this way the
relationship between sensory feedback and CPG networks goes
both ways: sensory feedback during rhythmic movement modu-
lates CPG output, and the state of the CPG gates the expression of
sensory feedback. Thus afferent information from the periphery
(i.e., the limbs) influences the central pattern, and, conversely, the
CPG selects appropriate afferent information according to the
external requirement (Dietz 2003). In addition to this, part of the
reflex modulation could be influenced by changes in descending
supraspinal input (Duysens et al. 2004).

Nevertheless, changes in modulation of the expression of sen-
sory reflexes certainly point to a central mechanism gating inputs
and outputs during rhythmic movement. This was seen as an
observation that phase-dependent modulation is only apparent
with voluntary movement and not passive, is independent from
background EMG, is not influenced by feedback in other sensory
pathways, and is evident after supraspinal damage. These clues
provide the main data on which the concept of spinal CPGs in
humans has been built. Sensory feedback allows for CPG output
to not simply be a stereotyped pattern of flexor and extensor
activity, but to have usefulness in a wide variety of situations
where feedback provides the cues required to make CPGs respond
in behaviorally appropriate ways. Therefore, as in cats, humans
possess a CPG for locomotion that is capable not only of rhythmic
pattern generation but also remarkable sensory feedback-induced
modulation and adaptation.

3) Some Evidence for Similar Neuronal Networks Recruited
into Different Rhythmic Human Motor Tasks

In other animals it has been shown that the circuits produc-
ing pattern generation are the same across different functional
tasks. If shared circuitry for various rhythmic movements are
also within the human spinal cord, it should be observed as a
characteristic of human reflex modulation. Indeed, as in other
animals, in humans it has been demonstrated that there is a
conservation of neural control in movements of different di-
rections and in different full body rhythmic tasks. This obser-
vation is supported in neurologically intact participants and in
those with stroke. In the latter model, the existence of common
neural patterning across rhythmic tasks implies a central pro-
cessing, because stroke does not seem to significantly affect
common neural regulation. Thus the observation of similar
neuronal networks recruited into different rhythmic tasks as
seen in other animals is also supported in humans.

4) Some Evidence of Cervical and Lumbar Locomotor
Networks and Interlimb Connectivity in Human Locomotion

Direct intracellular measurements have revealed that the
CPG network in quadrupeds are distributed in the cervical and
lumbar sections of the spinal cord, leading to a hypothesis that

a cervicolumbar network should exist for humans too. Indeed,
indirect observation from human studies supports that CPG
networks are distributed in cervical and lumbar spinal cord
areas and are interconnected for functional interlimb integra-
tion. Rhythmic forelimb movements are controlled by cervical
spinal CPGs, as evidenced during fictive locomotion in cat. In
humans, observations of rhythmic muscle activity and task-and
phase-dependent modulation of reflexes suggests that the con-
trol of rhythmic arm movements, as in cat forelimbs, are from
spinal CPGs. Also, there is evidence that control of rhythmic
arm movements is similar to that of rhythmic leg movements;
however, coupling between the arms is not as strong as that
between the legs.

Despite the functional differences in usage of the upper
limbs in humans compared with the cat, data suggest that
interlimb coordination is apparent and contributes to the con-
trol of human locomotion. Between the arms and legs there is
also a measurable functional neural coupling during rhythmic
movement as shown by flexible interactions between lower and
upper limb muscles from mechanical changes in interlimb
coordination, the presence of task- and phase-dependent inter-
limb reflex modulation, and modulatory effects of remote
rhythmic activity on local reflex excitability. Therefore, the
clues suggest that similarly to other animals, humans also
possess a distributed locomotor network and interlimb connec-
tivity as a result of interconnected cervical and lumbar CPG
networks.

5) Some Evidence That Locomotor Retraining Induces
Recovery of Walking Ability

The translational implications of identifying that, indeed, a
human CPG likely exists, and at least part of the circuity is
contained within the spinal cord, mean that more targeted
approaches to therapy can be planned. Activating these net-
works with locomotor training for those with stroke or SCI
does lead to plastic adaptation as in other animals where some
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Fig. 13. Cartoon schematic indicating idealized interrelationships between
supraspinal regulation, central pattern generator (CPG) patterning and reflex
control, and afferent feedback. [Adapted from Zehr et al. (2016).]
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parts of walking function are recovered. Maximizing the in-
herent functioning of the spinal cord and nervous system with
the involvement of all four limbs, and with enhanced involve-
ment of supraspinal areas, is most effective in promoting
recovery of walking in humans.

In humans, the evidence suggests pathways mediating arm
and leg movement remain accessible after neurological damage
such as SCI and stroke. However, even with training, for
humans with a complete SCI or even for those with anatomical
sparing, the recovery of walking is not fully possible. This is in
contrast to findings of locomotor recovery in other animals,
although for these animals, only those with complete or severe
training respond well to training, and a treadmill or harness
must be provided. Observed differences in the success of
locomotor training between other quadrupedal animals and
humans may suggest a more distributed network requiring
supraspinal regulation of spinal cord excitability.

To fully maximize the benefits of training, evidence also
supports the inclusion of methods to bolster neural activity. For
example, the addition of rhythmic arm activity as a regular part
of locomotor rehabilitation after neurotrauma may facilitate
stepping and may be an important component needed to har-
ness interlimb neural coupling (de Kam et al. 2013; Ferris et al.
2006; Kawashima et al. 2008; Zehr et al. 2009b). In addition,
it is also apparent that the engagement of supraspinal motor
areas may be beneficial for gait recovery. CPG activity can be
further boosted with the addition of neuromodulators that act
on spinal cord interneurons to amplify activity.

OVERALL CASE CONCLUSION

“I am a practical man, Mr. Holmes, and when I have got
my evidence I come to my conclusions...”

Scotland Yard’s Inspector G. Lestrade in “The Cardboard Box”
(1893)

Although direct evidence from animal models supports the
notion that CPGs are involved in the control of locomotion,
there is only indirect evidence in humans. In summary, all the
evidential clues point to CPG activity that is shaped by afferent
feedback and integrated to regulate all four limbs during
locomotion in humans (see Fig. 13). This conclusion comes
from evaluating the indirect evidence available in humans.
Clues from observations of rhythmic movements in the legs of
those with reduced supraspinal input provide the best evidence
for a locomotor CPG in humans. A major difference from other
animals lies in trying to deduce precisely where the CPG lives
in the human nervous system. From studying stepping re-
sponses, especially in those with SCI, it can be concluded that
at least part of the circuity controlling rhythmic movement is
contained within the spinal cord. However, given the balance
demands required for human walking, there is a higher reliance
on intact supraspinal input. Clues to support the role of loco-
motor CPGs in the neural control of rhythmic human move-
ment also come from studying reflexes and their modulation
during rhythmic movement. As in other animals, there are also
clues to support an overlapping interlimb CPG network that
controls rhythmic movements for both the arms and the legs.

Despite the fact that all the clues for a human locomotor
CPG are indirect, there is still much evidence to suggest that
the general operational principles for the control of rhythmic

movement found in other animals extend as well to humans.
We conclude that, indeed, rhythmic movements receive large
contributions from neuronal central pattern generators, as
found in other animals. Questions still remain on the exact
locations of the CPG networks, how many there may be, and
how they are coordinated across all limbs for rhythmic human
locomotion.

Perhaps the most important translational implication of this
conclusion is that locomotor recovery after neurological injury
with task-specific training of the remaining networks should be
possible in humans as it is in other animals. Indeed, improve-
ments in walking are observed with different types of locomo-
tor training. To further improve walking recovery, more direct
information is needed on the structure and function of the
human CPG. This information is critical to the novel design of
targeted therapies for locomotor enhancement and recovery.

“It was my duty to bring the facts to light, and there I must
leave it...”

“The Adventure of Shoscombe Old Place” (1927)
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