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Abstract
The control of locomotion must be adaptable to changes to the environment or 

intrinsic properties of the body in order for an animal to interact meaningfully with its 

surroundings. Both short-term and long-term adaptive modifications during mammalian 

locomotion were examined in the projects presented in this thesis. Short-term adaptation of 

the locomotor pattern to produce different directions of stepping was investigated in human 

infants, before the onset of independent walking. Most infants could produce treadmill- 

elicited stepping in different directions and could make a smooth transition between 

directions of stepping without any discrete changes in muscle activation patterns or the 

temporal parameters of stepping. The response to changes in treadmill speed was also 

similar between stepping directions. The results are thus consistent with the idea that 

central locomotor networks can be adapted to generate different locomotor tasks.

Short-term adaptive responses to changes in muscle afferent feedback during 

locomotion was investigated in decerebrate cats. Changes in proprioceptive feedback 

strongly modulated hip flexor activity during the swing phase of treadmill locomotion. 

Feedback from the sartorius muscles was found to be particularly important in this response. 

Input from large muscle afferents is likely a major contributor to this modulation since 

stimulation of the sartorius nerve at stimulus intensities that would preferentially recruit 

group I muscle afferents produced an increase in hip flexor burst activity during the swing 

phase of treadmill locomotion. In addition, electrical activation of group II sartorius muscle 

afferents produced either excitatory or inhibitory effects on flexor burst activity.
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How might sustained changes to the neuromuscular or biomechanical properties of 

the body enable longer-term modifications in the locomotor pattern (learning) 1 This issue 

was examined in the final projects, which described the adaptive modifications in response 

to chronic loading of the limb during the swing phase of locomotion in adult cats and 

human infants. In adult cats, the main adaptive strategy to loading of the limb was an 

increase in knee flexor activity during the swing phase. Removal of the load resulted in an 

after-effect, consistent with the idea that the adaptive modifications involved long-term 

changes to locomotor generating systems (learning). In human infants, loading of the limb 

during the swing phase of treadmill elicited stepping resulted in an increase in hip and knee 

flexor muscle torque during the swing phase. Most infants did not show an after-effect after 

removal of the weight, suggesting that proprioceptive reflex pathways may have played the 

primary role in mediating the increase in hip and knee flexor muscle torque during steps 

taken with the weight on.
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CHAPTER 1

GENERAL INTRODUCTION

Some sections were adapted from an original publication: 
T. Lam and K. G. Pearson 

In: Sensorimotor Control of Movement and Posture, 
edited by SC Gandevia, U Proske and DG Stuart (In Press)
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1.1 Introduction
The motor system supplies the basic tools for the survival of all animals, vertebrates 

and invertebrates alike. W ithout movement, the ability to perform such basic activities as 

feeding and breathing would be impossible. The ability to move within the surrounding 

environment would also be greatly compromised and limit the ability to forage or hunt for 

food, defend against predators, and seek safe shelter. Even the communication of our 

thoughts and ideas would be unavailable were it not for the motor system.

Among the species of the animal kingdom, the ability to locomote, or move actively 

in space, is a common characteristic. W hether it is crawling, swimming, flying, or walking, 

all vertebrates have the ability to manipulate their bodies around the environment. As with 

many processes of the nervous system, the fundamental principle underlying the production 

of locomotion is rhythmicity. The control of this locomotor rhythmicity is one of the most 

studied areas in motor control neuroscience. To date, the intricacies of the neuronal 

circuitry involved in the central generation of mammalian locomotion remain unknown. 

O n the other hand, it is obvious that locomotion is highly flexible and malleable to new 

environments, changes in sensory input, and changes to the properties of the body. This 

thesis addresses 3 issues related to the adaptability of the mammalian locomotor rhythm: 

short-term adaptation of the locomotor circuitry to produce different forms of walking, 

short-term adaptation to phasic changes in sensory input, and longer-term adaptive 

modifications of the locomotor pattern in response to more sustained changes in sensory 

input (learning). In this introductory section, a general overview of the background and 

major concepts related to these areas will be provided. Although it is recognized that
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3

shaping and adaptation of locomotor output can originate from a variety of sources (e.g. 

cutaneous feedback, input from supraspinal nervous centres), the discussion will be limited 

to those issues pertaining to the data presented in this thesis.

1.2 Central Mechanisms Generating Locomotion
The spinal origin of such fundamental behaviours as stepping, standing, or

scratching has been recognized for some time (Sherrington 1906, 1910a, b). Early ideas on 

the spinal control of locomotion fell into two distinct groups. One argument expounded the 

idea that locomotion could be produced solely by a feedback system of peripheral reflexes 

(Sherrington 1910a). The alternative idea was that centres within the nervous system 

control the activation and coordination of muscles involved in locomotion without relying 

on peripheral reflexes. Direct support for this second hypothesis was supplied early on by 

Brown (1911) who showed that alternating flexion and extension activity could still be 

generated in spinal decerebrate cats despite transection of all the dorsal roots. He proposed 

the existence of paired flexor and extensor half-centres (‘intrinsic factors’) in the spinal 

cord with mutual inhibitory connections that are responsible for generating the basic 

locomotor rhythm. While demonstrating that central mechanisms determine the basic 

stepping pattern, Brown did not discount the role of peripheral stimuli in shaping the 

output generated by these central mechanisms (“. . . the part which they play is essentially the 

regulative -  not the causative") (Brown 1911). These original ideas, formulated almost a 

century ago, have provided the guiding principles in the study of the neural control of 

locomotion today.
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In the 1960s, Jankowska et al. (1967a) showed that electrical stimulation of non­

nociceptive high-threshold muscle, joint, and cutaneous afferents (‘flexor reflex afferents’, 

or FRA) produced long-lasting excitation of ipsilateral flexor motoneurons and inhibition of 

extensor motoneurons in acute spinal cats after administration of the noradrenergic agonist, 

L-dihydroxyphenylalanine. Electrical stimulation of the contralateral FRA produced the 

opposite effect (excitatory response of ipsilateral extensors and inhibitory response of 

contralateral flexors). In addition, Jankowska et al. (1967a, b) reported that stimulation of 

the FRA could sometimes produce a series of alternating flexor and extensor bursts similar 

to locomotor activity. Evidence for mutual inhibition between the extensor and flexor 

centres was supplied by the fact that an excitatory response was suppressed by a 

conditioning stimulus to the antagonistic group of intemeurons. Taken together, these 

observations led to the proposal that the neuronal network producing these alternating 

flexor and extensor bursts might be related to the generation of locomotion (Jankowska et 

al. 1967a, b) and corroborated the hypothesis of Brown (1911) that flexor and extensor 

half-centres within the spinal cord mutually inhibit each other and form the basic circuitry 

for generating locomotion.

A problem with Brown’s half-centre model for locomotion is that it cannot account 

for all aspects of the typical locomotor activity pattern. The half-centre hypothesis allows 

for only a simple alternation between flexors and extensors during walking. While extensor 

activity during stepping is mainly uniform (single-joint extensor muscles active throughout 

the stance phase), flexor activity can be distinct among individual flexor and bifunctional 

muscles (Engberg and Lundberg 1969). Engberg and Lundberg (1969) thus proposed that 

aspects of flexor burst activity (such as the late-swing burst in the semitendinosus muscle)
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are modulated by afferent input. Grillner and Zangger (1975, 1979, 1984) later challenged 

this idea by showing that muscle activation patterns during treadmill locomotion in spinal 

and decerebrate cats does not revert to a simple flexion-extension alternation after 

transection of lumbar dorsal roots. While the central origin of the locomotor pattern was 

not disputed, the degree to which peripheral input is required in order to produce the basic 

locomotor pattern of an intact animal was a point of contention (Grillner 1981; Lundberg 

1981).

As a result of these findings, alternative, or adjunct, models to the half-centre 

hypothesis have been proposed. Grillner proposed an alternative to the half-centre model of 

locomotion, which he termed the locomotor ‘central pattern generator’ model (Grillner 

1981). The main premise of this model is that the network controlling locomotion is 

subdivided into networks controlling different limbs which in turn may be further 

subdivided into networks that control individual muscle groups (‘unit burst generators’). 

This organizational model has been used to account for the motor patterns of the turtle 

scratch reflex and modified to account for motor patterns during the cat scratch reflex, 

paw-shake response, and different forms of cat locomotion (Stein and Smith 1997). 

Alternatively, Perret and Cabelguen (1980) proposed that some motoneurons, specifically 

those innervating bifunctional muscles, receive commands from both the flexor and 

extensor half-center (see also Orsal et al. 1986). Grading the relative strengths of the inputs 

from the two half-centres would thus determine the phasing of the muscle’s activity. Input 

to bifunctional motoneurons would originate primarily from one of the half-centres (e.g. for 

semitendinosus, the main input would originate from the extensor half-centre) and input 

from the other half-centre would arrive via a set of intervening intemeurons (Perret 1983;
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Orsal et al. 1986). Both Grillner’s and Perret’s model promote the idea that some of the 

basic characteristics of the locomotor pattern (such as the double burst of activity in 

semitendinosus or rectus femoris muscles) can be generated within central networks. These 

models also offer the attractive possibility that similar motor tasks (e.g. scratching and 

locomotion, or forward and backward walking) may share components of a common 

pattern generating network (Grillner 1981; reviewed in Stein and Smith 1997).’

Is there a locomotor central pattern generator (CPG) in humans like that described 

in animal preparations (Brown 1911; Grillner 1981)? Unlike results from animal studies 

that showed that locomotor patterns could be recorded despite spinalization and 

deafferentation, there is no direct evidence for the existence of a CPG for locomotion in 

humans. There are some reports that individuals with incomplete or complete spinal cord 

injury can generate stepping-like movements, which lends support for the existence of 

spinal locomotor networks in humans (Calancie et al. 1994; Dietz et al. 1995; Dimitrijevic 

et al. 1998). In addition, indirect evidence based on reflex responses in complete spinal cord 

injured individuals also indicates the presence of spinal reflex circuitry whose design would 

be consistent with a spinal rhythm generator for locomotion in humans (Roby-Braini and 

Bussel 1987; Bussel et al. 1988,1989). However, full convincing evidence for the existence 

of a locomotor CPG in humans could only be obtained in the unlikely situation of an 

individual with a complete spinal cord injury and complete deafferentation of the lower limbs 

(i.e. analogous to fictive spinal animal preparations) who could be made to produce 

stepping movements. Investigators who have attempted to address this issue in primate

1 The term ‘central pattern generator’ is used throughout this thesis to refer to the spinal intemeuronal network that 
generates the basic locomotor pattern and does not necessarily refer specifically to Grillner’s (1981) model.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



preparations have yielded inconclusive results (Eidelberg et al. 1981; Fedirchuk et al. 1998). 

Hidelberg et al. (1981) were unable to elicit any stepping in acutely spinalized macaques 

despite application of pharmacological agents after recovery from spinal shock. Fedirchuk et 

al. (1998) also reported that only components of the fictive locomotor pattern could be 

obtained after administration of monoaminergic agents or excitatory amino acids to acutely 

spinalized marmoset monkeys. W hether or not these “components” of the fictive locomotor 

pattern actually represent a part of the output of the putative spinal locomotor generator 

remains to be investigated in further detail.

1.3 Studying Sub-Cortical Control of Human Locomotion using Infants
Much of our understanding of the neural control of mammalian locomotion stems

from results obtained from animal preparations. For example, detailed knowledge of the

influence of sensory feedback from muscle receptors on the timing of the locomotor pattern

at the spinal level has accumulated from reduced cat preparations (reviewed in Pearson

1995; McCrea 2001). W hether sensory feedback is processed in the same way to regulate

the timing of the locomotor pattern during human walking is unclear (Stephens and Yang

1999). However, results from uninjured adult humans are likely confounded by influences

from postural control and volitional responses (Misiaszek et al. 2000). Differences between

results obtained from uninjured adult humans and those obtained from other vertebrate

preparations may also reflect a fundamental difference in the control of locomotion

between species. Indeed, conclusive evidence for the very existence of a locomotor spinal

pattern generator in humans remains to be obtained. Assuming that there is a locomotor

spinal pattern generator in humans, experiments to examine the characteristics of this
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circuitry would be difficult in human subjects. First, spontaneous recovery of stepping is rare 

in subjects with spinal cord injuries (Calancie et al. 1994) and often requires months of 

intensive treadmill training or other types of interventions to produce regular patterns of 

rhythmic stepping (Wemig and Muller 1992; Dietz et al. 1995; Dimitrijevic et al. 1998). 

Second, plastic changes within the spinal cord associated with therapy or training and to 

the injury itself inevitably occur and how these changes would alter any original locomotor- 

related circuitry in the spinal cord is not clear. How might we then approach the control of 

human locomotion at the spinal cord level without the intervention of factors such as 

volitional control or injury-induced plasticity? To address this issue, recent investigations 

have focused on the neural control of stepping in human infants less than 12 months old 

(before the onset of independent walking) (Yang et al. 1998a, b; Lamb and Yang 2000; 

Pang and Yang 2000, 2001).

Even in utero (DeVries et al. 1984) and early after birth (McGraw 1940; Peiper 

1963), human infants show a stepping response. Anencephalic infants also have this 

response, thus showing the capacity for brainstem and/or spinal structures for controlling 

this stepping response (Peiper 1963). In healthy infants, the stepping response is present 

throughout the first year of life, except for a period starting at 2 months of age and lasting 

until 6 to 8 months of age during which the stepping response is usually difficult to elicit 

(McGraw 1940). However, daily practice of stepping has been shown to minimize the 

difficulty in eliciting this response during this period (Zelazo et al. 1972; Yang et al. 1998a). 

The stepping response is usually elicited by holding the infant upright either over a moving 

treadmill or by slowly moving the body forward over a stationary surface (McGraw 1940; 

Peiper 1963; Forssberg 1985; Yang et al. 1998a). Although many specific characteristics of
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the adult walking pattern are missing in the infant stepping response, Forssberg (1985) has 

suggested that the same neural networks that produce the early stepping response in young 

infants is also involved in the production of walking in adults. For example, infants and 

young children display a digitigrade pattern of stepping where contact is made with the 

forefoot and there is no heel strike. W ith the onset of independent, non-supported walking 

early in the first year of life, this digitigrade pattern of stepping continues. Thus, although 

the children have developed the ability to voluntarily control their locomotor activity, an 

infantile pattern of walking persists. The gradual emergence to a plantigrade pattern of gait 

occurs later in the 2nd year of life, well after the development of independent walking 

(Forssberg 1985).

An important assumption of infant stepping studies is that descending cortical input 

is sufficiently immature to provide any significant influences on stepping mechanisms in 

brainstem or spinal structures. This assumption is based on histological, 

electrophysiological, imaging, and behavioural observations (as described in the preceding 

paragraph) in human infants. Histological and imaging studies have shown that while many 

of the descending pathways from the brainstem are well myelinated by birth (reviewed in 

Samat 1989; Hashimoto et al. 1994; Dambska and Kuchna 1996), development of 

descending input from the cerebellum and the cortex continues throughout the first year of 

life and beyond (Yakovlev and Lecours 1967; Rorke and Riggs 1969; Brody et al. 1987).

Many of the descending pathways originating from the brainstem are well 

myelinated and functioning by birth in humans (Samat 1989). The perinatal period is 

perhaps the time during which these pathways play their most important role in reflexive 

functions in infants. Moreover, morphometric studies have shown that the brainstem
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undergoes the greatest maturation during fetal life in order to develop to the level required 

for independent life in the newborn (Dambska and Kuchna 1996). Thus, by birth, we 

assume that descending brainstem pathways could be functioning to activate possible 

locomotor centres in the infant spinal cord.

Development of the cerebellum is also progressing by birth. Phylogenetically older 

areas of the cerebellum are functional by 5 weeks of age, as shown by glucose metabolism 

during PET scan (Chugani and Phelps 1986) and anatomical studies (Yakovlev and 

Lecours 1967). By 3 months of age, glucose metabolism shown by PET scanning extends to 

the cerebellar hemispheres (Chugani and Phelps 1986) and spinocerebellar fibres are near 

fully myelinated (Yakovlev and Lecours 1967). However, myelination and activity of the 

cerebellum during the first year of life does not necessarily correspond with mature 

function. For example, the development of coordinated movements associated with 

cerebellar function is protracted throughout childhood (Connolly and Forssberg 1997). 

While reflexes involving primitive cerebellar pathways, such as optical, labyrinthine, and 

body-righting reflexes, are developed within 6 months after birth, other behaviours 

influenced by the cerebellum are not refined until later. The ability of an infant to make a 

smooth and accurate arm movement towards a target develops by around 9 months of age 

and refinements to interlimb coordination during such activities as walking, running, or 

skipping continues to be refined throughout childhood (Connolly and Forssberg 1997). 

Thus, it may be concluded that the cerebellum does not acquire its ability to refine 

movement until at least near the end of the first post-natal year in human infants.

Development of function in descending input from the motor cortex is even more 

protracted. Although the corticospinal tract reaches the lumbosacral spinal cord by term
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(Humphrey 1960), myelination is far from complete at this time (Yakovlev and Lecours 

1967; Brody et al. 1987). According to magnetic resonance imaging studies, key 

connections in the brain that project to the spinal cord, such as the corticospinal pathway 

at the level of the internal capsule, do not begin myelination until 9 months post-natally 

(Holland et al. 1986) and are not completely myelinated until the end of the eleventh 

month post'partum (Barkovich et al. 1988). Some authors have estimated that full 

myelination of the corticospinal tract is not complete until the age of 2 (Yakovlev and 

Lecours 1967).

Clinically, some reflex responses of infants often resemble those of adults with 

corticospinal tract lesions. For example, the Babinski response is extensor in infants as it is 

in adults with corticospinal lesions (Connolly and Forssberg 1997). In addition, H-reflexes 

can be elicited in the small muscles in the hand and foot in infants, a response that is not 

present in humans over 2 years old but can be recorded in  adults with cortical lesions 

(reviewed by Mayer and Mosser 1973; Vecchierini-Blineau and Guiheneuc 1981). Infants 

also demonstrate ‘reflex irradiation’, consisting of short-latency excitation from 

neighbouring as well as antagonist muscles, in response to simple tendon taps (Myklebust 

and Gottlieb 1993). This is thought to be due to an increase in the excitability of neurons in 

the spinal cord secondary to an immature system of descending tracts from the brain 

(Mayer and Mosser 1973; Vecchierini-Blineau and Guiheneuc 1981; Myklebust et al. 1986; 

Myklebust and Gottlieb 1993; Leonard et al. 1995). In addition, differences in cutaneous 

reflex responses are also consistent with the immaturity of function of descending input in 

infants. In children, the appearance of the long-latency reflex component in response to 

cutaneous nerve stimulation is not observed until about 15 to 18 months of age (Issler and
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Stephens 1983; Rowlandson and Stephens 1985). This component of the cutaneous reflex 

response is likely mediated by supraspinal pathways (Choa and Stephens 1982; Jenner and 

Stephens 1982; Evans et al. 1989; Gibbs et al. 1995). The maturation of the corticospinal 

pathway has also been assessed from electrophysiological recordings from young infants 

(Koh and Eyre 1988). In children under the age of 1, the threshold for eliciting activity in 

upper and lower limb muscles in response to transcranial magnetic stimulation over the 

motor cortex is very high; often, responses are difficult to record without background 

muscle activity (Koh and Eyre 1988; Eyre et al. 1991; Muller et al. 1991). In addition, 

conduction velocities within the descending motor tracts are very slow in young infants and 

do not actually reach adult values in children until 11 years of age (Koh and Eyre 1988). 

Thus, observations from a variety of experimental approaches lend support to the 

assumption that much of the behaviour observed in infants younger than 12 months old are 

mediated by sub-cortical pathways. Based on this, it is reasonable to suggest that infant 

stepping is mainly mediated by sub-cortical structures and subject to less cortical influence 

than in adults.

1.4 Is there Shared Neuronal Circuitry for Different Forms of Locomotion?
One of the implications of the central pattern generator model proposed by Grillner

(1981) or of the half-centre model including premotor intemeuronal networks proposed by 

Perret (1983) is that the output of the network can vary depending on the pattern of 

activation and modulation within the neuronal circuit. Indeed, many motor tasks involve 

similar patterns of activation of muscle groups, for example, the basic alternating pattern of 

flexor and extensor muscle groups in the lower limbs is used in walking, swimming, and
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cycling. W ith regards to the organization of the premotor intemeuronal circuitry, one might 

imagine that individual motor tasks are associated with a particular set of intemeurons or 

that the same premotor circuitry is used for a given set of motor tasks but that different 

modulatory mechanisms are applied to produce a variety of motor outputs. Across the 

animal kingdom, there exist numerous examples that uphold the concept of sharing and 

interaction among intemeuronal networks controlling different motor behaviours (reviewed 

in Dickinson 1995; Marder and Calabrese 1996; Selverston et al. 1997). One of the most 

compelling sets of data supporting this concept comes from studies of the crustacean 

stomatogastric nervous system. Numerous modulatory inputs (neuropeptides, amines, and 

amino acids) to the stomatogastric ganglion have been identified. In addition, neurons in 

the stomatogastric ganglion possess different combinations of receptors to these modulatory 

substances (reviewed in Marder and Bucher 2001). Manipulation of the modulatory 

environment enables control of the frequency and phasing of the units within the 

stomatogastric circuit to produce the desired motor output, based on the relative sensitivity 

of the neurons to the different neuromodulators and the ensuing effect on intrinsic 

membrane properties and synaptic strength.

There is also evidence from simple vertebrate preparations for sharing of circuitry 

for different motor behaviours. W ithin the CPG for swallowing, for example, there is 

evidence that some neurons also contribute to the production of respiration, mastication, or 

vocalization (reviewed in Jean 2001). Lieske et al. (2000) have shown that in in vitro 

brainstem slice preparations from mice, different respiratory patterns, analogous to sighing, 

gasping, and regular breathing, are primarily controlled by neurons located in the same 

region of the slice (and which correspond to the ventral respiratory group, or pre-Botzinger
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complex). Furthermore, intracellular recordings from neurons in this region showed that 

the same neurons received synaptic input during both regular breathing and sighing, or 

regular breathing and gasping, thus indicating that the three breathing patterns are 

produced by reconfigurations of the same neuronal network (Lieske et al. 2000).

Sharing of neuronal networks governing different swimming behaviours has also 

been shown. For example, intracellular recordings from the spinal cord of xenopus embryos 

show that the majority (about 75%) of motoneurons and intemeurons that are involved in 

swimming also fire during struggling (Soffe 1993). Additional intemeurons, not active 

during swimming yet of the same type as those recruited during swimming, were recruited 

during the struggling behaviour. This additional recruitment of intemeurons demonstrated 

a correlate of the switch from swimming to struggling (Soffe 1993). In the lamprey 

swimming system, switching from one swimming behaviour to another can result from 

adjusting the gradient of excitation along the nerve cord. Manipulating the modulatory 

environment so that caudal segments receive more excitatory input than rostral segments 

results in a fictive swimming pattern than resembles backward swimming (Matsushima and 

Grillner 1992).

Similar sharing of circuitry controlling different forms of the scratch reflex in turtles 

is also thought to exist (reviewed in Stein and Smith 1997; Stein et al. 1998). The turtle 

scratch reflex has three basic forms and there is strong evidence to suggest that these three 

forms share the same neural circuitry (Stein et al. 1998). In addition, certain forms of the 

turtle scratch reflex share similarities with aspects of the movement pattern found in 

forward stepping, forward swimming, or backpaddling in turtles (Earhart and Stein 2000b). 

By comparing the pattern of muscle activity, relative phasing of knee movement, and
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relative durations of hip extension and flexion, Earhart and Stein (2000b) were able to 

define a range in the parameters of movement during these behaviours. Presumably, 

different combinations of activation patterns within a shared circuitry could account for the 

appearance of these different behaviours (Earhart and Stein 2000b). Similarly, parallels in 

the movement kinematics of hatching, walking, and swimming behaviours in chicks led 

Bekoff (1992) to suggest that the same motor pattern generator may be reconfigured to 

produce these different behaviours. Sharing of circuitry controlling different forms of 

locomotion is also indicated by behavioural studies comparing different directions of 

locomotion, crouched walking, and slope walking (Buford and Smith 1990; Smith et al. 

1993; Trank et al. 1996; Carlson-Kuhta et al. 1998; Smith et al. 1998).

Interaction among neuronal networks controlling rhythmic behaviours is also 

demonstrated by studies that show coordination between different motor tasks. For 

example, coordination between swallowing and respiration was recognized early on to be 

important in order to prevent aspiration (Miller and Sherrington 1916, reviewed in 

Dickinson 1995). In the lower limb, Earhart and Stein (2000a) showed that the rostral 

scratch reflex and forward swim stroke of spinal turtles could be blended into a single 

behaviour that incorporates the motor pattern of each individual task (the ‘scratch-swim 

hybrid’). Similar coordination of two behaviours has also been shown for paw-shaking and 

locomotion in intact and spinal cats (Carter and Smith 1986a, b). W hen the paw-shake 

response was induced during the swing phase of walking, automatic adjustments in the 

timing of swing and stance durations of all the limbs to preserve interlimb coordination 

occurred. Furthermore, there were smooth transitions between the muscle synergies used 

for paw-shaking and those used for swing phase and initial stance phase activity (Carter and
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Smith 1986a). The fact that similar adjustments could be made in chronic spinal cats 

suggests that the mechanisms for rapidly switching from the walking synergy to the paw- 

shake synergy resides in the spinal cord and is consistent with either a common neural 

network mediating these two behaviours and/or coupling and sharing of certain 

components of circuitries that mediate walking and paw-shaking (Carter and Smith 1986b).

In humans, demonstration of smooth switches between different directions of 

stepping (Lamb and Yang 2000 (see Chapter 2)) and from walking to running (Nilsson et 

al. 1985; Thorstensson and Roberthson 1987), provide behavioural evidence consistent 

with the concept of a common locomotor control system for different locomotor tasks. 

Additionally, Earhart et al. (2001) recently showed that the after-rotation effects following 

forward walking on a rotating disk were similar between forward and backward walking. 

They concluded that adaptations of the locomotor system to walking forwards on a rotating 

disk also transferred to backwards walking, lending further support for the idea that forward 

and backward walking share locomotor control mechanisms. Similar adaptation can also 

transfer between stepping and hopping, but to a lesser extent (Earhart et al. 2002). Thus, 

results from both adult and infant humans show the capability of locomotor control centres 

to produce variations on the basic locomotor pattern, depending on the requirements of the 

task.

1.5 The Role of Proprioceptive Feedback in the Regulation and Adaptation of 
Locomotor Activity

1.5.1 Afferent Regulation o f the Timing o f Extensor Burst Activity

Shaping of the basic locomotor pattern by sensory input is essential for meaningful

locomotion to take place in changing conditions. Early in the last century, Sherrington
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(1910a) recognized the crucial role of sensory input in triggering and regulating locomotion. 

These original ideas were not further explored until almost 70 years later. Much of the 

recent work on the proprioceptive regulation of stepping has been directed at extending 

ideas drawn from initial studies by Duysens and Pearson (1980) and Grillner and Rossignol 

(1978) on afferent mechanisms regulating stance phase duration. Duysens and Pearson 

(1980) proposed that unloading of the support limb promotes the transition from stance to 

swing whereas Grillner and Rossignol (1978) proposed that extension of the hip joint is an 

important factor in promoting this transition. It is now quite apparent that both load- and 

length-related sensory inputs are involved (reviewed in Pearson 1995; Rossignol 1996; Zehr 

and Stein 1999; Duysens et al. 2000).

Numerous observations have demonstrated that load-sensitive afferents influence 

the timing of the locomotor rhythm in cats (Duysens and Pearson 1980; Conway et al. 

1987; Pearson et al. 1992; Pearson and Collins 1993; Whelan et al. 1995a). The most direct 

evidence is that rhythmic force pulses delivered to ankle extensor muscles via electrical 

stimulation of the L.7 ventral roots entrains the locomotor rhythm in acute spinal cats 

(Pearson et al. 1992). Entrainment of the locomotor rhythm in spinal cats can also be 

achieved by applying large amplitude stretches to the ankle extensor muscles but not by the 

application of low amplitude muscle stretches or vibrations, which would preferentially only 

activate muscle spindles (Conway et al. 1987; Pearson et al. 1992; Pearson and Collins 

1993). In addition, electrical stimulation of group I afferents from the ankle extensor 

muscles, particularly from the lateral gastrocnemius/soleus (LGS), increases stance phase 

duration and cycle period in decerebrate walking cats (Whelan et al. 1995a). All these
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observations indicate that force-sensitive Golgi tendon organs strongly influence the 

locomotor rhythm generating network.

An important role for length-sensitive muscle spindle afferents in the timing of 

locomotor activity was first suggested by the observation that sinusoidal hip movements 

could entrain the locomotor rhythm in the hindlimb of spinal (Andersson and Grillner 

1983) and decerebrate cats (Kriellaars et al. 1994). Denervation of afferents from the hip 

joint capsule did not affect the entrainment while progressive elimination of afferent input 

from various hip muscles led to a weakening of the entrainment (Kriellaars et al. 1994). 

These findings, along with the fact that Golgi tendon organ responses are weakened in 

paralyzed preparations (Prochazka and W and 1980), led to the conclusion that the 

entrainment by sinusoidal hip movements was largely dependent on spindle afferents arising 

from different muscles around the hip.

Subsequent experiments by Hiebert et al. (1996) provided direct evidence that 

spindle afferents from hip muscles influence the timing of the locomotor rhythm. They 

found that activation of la afferents from the hip flexor muscle iliopsoas (IP) by ramp 

stretches or vibration promoted an earlier onset of flexor activity in walking decerebrate 

cats and could also entrain the locomotor rhythm. Activation of spindle afferents from 

ankle flexor and extensor muscles also influences the timing of the locomotor rhythm 

(Guertin et al. 1995; Hiebert et al. 1996). The fact that ankle extensor group la afferents 

can influence the locomotor rhythm in decerebrate cats (Guertin et al. 1995) but not in 

spinal cats (see above, Conway et al. 1987; Pearson et al. 1992) may reflect a difference 

between the decerebrate and spinal cat preparations. Secondary muscle spindles from flexor 

muscles are also effective in influencing the locomotor rhythm since activation of group II
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muscle afferents from the tibialis anterior (TA) during extension promoted flexor activity in 

decerebrate walking cats (Hiebert et al. 1996). O n the other hand, in Active decerebrate 

cats, stimulation of group II afferents from the sartorius muscle during extension prolonged 

the extensor phase (Perreault et al. 1995). Notwithstanding the latter observation, the 

main functional implication of recent flndings on the role of muscle spindles in flexor 

muscles is that lengthening of the flexor muscles at the end of stance facilitates the 

termination of extensor activity, thus contributing to the triggering of the stance-to-swing 

transition.

The question of whether afferent feedback is important for regulating the timing of 

extensor activity during human walking has also been examined (Stephens and Yang 1999, 

Stein et al. 2000, reviewed in Duysens et al. 2000). Stephens and Yang (1999) reported a 

small effect on stance and cycle duration with the application of an additional 30% of body 

weight load to the legs. Similarly, Misiaszek et al. (2000) observed slight changes in the 

timing of the stance to swing transition when load was applied along the long axis of the leg 

during supported walking (by holding a rail) in adult humans. The absence of marked 

effects on timing may be due to the fact that subjects were forced to walk at a constant rate 

on a treadmill. W hen the subjects did not support themselves, a prolongation of stance 

duration was seen in the experiments of Misiaszek et al. (2000), but this was accompanied 

by complex responses in other muscles. Thus, the effect on timing could not be completely 

accounted for by loading of the limb itself and may involve other factors related to the 

control of equilibrium and volitional responses (Misiaszek et al. 2000). One way these 

factors can be eliminated is by using human infants. Infants provide a means to study 

human stepping with minimal interference from descending input and postural responses
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(Forssberg 1985). A  recent study has shown that phasic sensory cues such as unloading of 

the support limb or extension of the hip joint are strong stimuli for the initiation of the 

swing phase, similar to that reported in reduced preparations of the cat (Pang and Yang

2000). Developmental changes, the nature of bipedal walking, and volitional responses may 

be factors that account for the differences in the results obtained from cats and adult 

humans.

1 .5 .2  Afferent Regulation of the Magnitude of Extensor Burst Activity

Proprioceptive input plays an important role in regulating the magnitude of

extensor activity during locomotion. One demonstration of this comes from a series of ‘foot-

in-hole’ experiments in cats (Gorassini et al. 1994; Hiebert et al. 1994, Hiebert et al. 1995).

W ith the unexpected loss of ground support, there is a shortening of extension and a

marked reduction in the magnitude of extensor activity before the limb is lifted out of the

hole (Gorassini et al. 1994). Hiebert et al. (1994) proposed that these responses were due to

the lack of la and lb afferent activity from extensor muscles that should normally reinforce

extensor muscle activity during stance. Evidence for this proposal was later obtained by

Hiebert et al. (1995) who showed that the corrective response was suppressed and extensor

activity was maintained with electrical stimulation of extensor group I muscle afferents

delivered when the foot entered the hole, thus indicating that feedback from extensor

group I afferents reinforces extensor activity during locomotion. This conclusion supported

previous findings that stimulation of extensor group I afferents enhanced the amplitude of

extensor bursts during stance in spinal (Conway et al. 1987; Gossard et al. 1994) and

decerebrate cats (Guertin et al. 1995; McCrea et al. 1995).
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More recently, the extent to which afferent feedback contributes to extensor 

activity during walking has been examined quantitatively. In clonidine-treated acute spinal 

cats, Bennett et al. (1996) estimated that reflexes contribute, on average, 23% of the force 

due to stretch in the ankle extensor muscles during locomotion. Using a variety of 

approaches, Hiebert and Pearson (1999) estimated that between 50 and 80% of knee and 

ankle extensor activity is produced by afferent feedback during walking in decerebrate cats. 

First, the overall contribution of afferent feedback to extensor burst activity during 

locomotion was estimated by measuring the reduction in ankle and knee extensor activity 

during the ‘foot-in-hole’ trials. Electromyographic (EMG) activity in these muscles was 

reduced by about 70%. If the ankle extensors were loaded as the leg entered the hole, the 

reduction in extensor activity was prevented. Second, unloading of the hindlimbs (by lifting 

the hindquarters) during treadmill locomotion resulted in a large decrease in the magnitude 

of knee extensor EMG. Finally, transection of the dorsal roots that carry afferent input from 

the knee extensor muscles resulted in a reduction of knee extensor muscle activity by about 

50%. Transection of more caudal dorsal roots that carry afferent input from ankle extensor 

muscles resulted in a reduction of ankle and knee extensor activity by 50 to 80%.

In a subsequent study, Stein et al. (2000) quantified the contribution of reflexes, 

evoked by phasic length changes of the ankle extensors, to the force generated by the ankle 

extensor muscles during the stance phase. In walking decerebrate cats, one hindlimb was 

immobilized and the triceps surae muscles were attached to a mechanical puller. W ith this 

puller, the triceps surae could either be held at a constant length or made to go through the 

changes in length that occur normally during the E2 and E3 phases of locomotion during 

walking. By using this approach and comparing muscle forces with the forces generated in
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deafferented triceps surae muscles, it was estimated that 35% of the force generated in 

ankle extensors during stance comes from feedback related to length changes that occur 

during walking.

The importance of afferent feedback from extensor muscles in regulating extensor 

burst magnitude during stance has also been shown in humans. In both healthy and spinal 

cord injured human adults, afferent feedback during the stance phase of locomotion 

contributes to the magnitude of extensor activity (Yang et al. 1991; Harkema et al. 1997; 

Stephens and Yang 1999; Sinkjaer et al. 2000). Sinkjaer et al. (2000) reported that up to 

50% of soleus muscle activity during the stance phase of human walking is due to afferent 

feedback. W hen the ankles were unloaded (using a motorized mechanical joint strapped 

around the ankle) during treadmill walking, a significant reduction (50%) in soleus EMG 

activity was observed (Sinkjaer et al. 2000). Grey et al. (2001) suggested that group II 

afferents contribute to the magnitude of soleus EMG during the stance phase in human 

walking. Their conclusions were based on the fact that the medium-latency component of 

the stretch reflex response evoked during the stance phase was not influenced by ischemic 

block of soleus la afferents. In addition, after subjects ingested tizanidine (a drug known to 

depress transmission in group II afferent pathways), the medium-latency component of the 

corrective response to ankle extensor stretch during the stance phase was depressed (Grey 

et al. 2001). It is not known whether tizanidine has an effect on lb afferent pathways, so the 

possibility that load-sensitive afferents also contribute to the medium-latency stretch reflex 

response has not been excluded (Grey et al. 2001).
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1.5.3 Segmental Pathways Involved in the Afferent Regulation o f Extensor Burst Activity

W ith the demonstration that proprioceptive feedback regulates the timing and

magnitude of extensor activity during locomotion, an important issue is the identity of the 

segmental reflex pathways by which these afferents exert their action on the locomotor 

system. It is now apparent that multiple pathways are involved in shaping the output of the 

locomotor CPG and that input from different afferents converge onto intemeurons thus 

yielding common effects on locomotor activity. In addition, transmission in many of these 

reflex pathways is modulated in a task- and phase-dependent manner (reviewed in McCrea 

2001). For example, the inhibitory influence from group lb extensor afferents to extensor 

motoneurons becomes excitatory during locomotion (Pearson and Collins 1993; McCrea et 

al. 1995).

Figure 1.1 illustrates the various pathways by which muscle afferents affect the 

locomotor output. As shown in the left side of figure 1.1, extensor group I afferents can 

exert their effects on extensor motoneurons by at least three pathways. First, extensor 

muscle afferents can exert a direct effect on extensor motoneurons via the well-known 

group la monosynaptic pathway (Eccles et al. 1957) (pathway 1, Fig. 1.1). Second, extensor 

group I muscle afferents can excite extensor motoneurons via disynaptic excitatory 

pathways (McCrea et al. 1995; Angel et al. 1996) (pathway 2, Fig. 1.1). A  feature of this 

disynaptic excitatory pathway is that it is open only during locomotion (McCrea et al. 1995; 

Angel et al. 1996). The locomotor-dependent disynaptic excitatory connection may be
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Figure 1.1. Muscle Afferent Pathways Regulating Extensor and Flexor A ctivity during
Locomotion.

Excitatory connections are represented by inverted arrows and inhibitory 

connections by black dots. The locomotor CPG is represented by the network contained 

in the grey shaded ellipse (E, extensor half-centre; F, flexor half-centre). Shaded circles 

represent putative intemeuron(s) in the connections made to and from the locomotor 

CPG. Intemeurons INe and INf are the interposed intemeurons in the identified 

disynaptic reflex pathway from extensor and flexor group I afferents to extensor and 

flexor motoneurons, respectively. Extensor (E.MN) and flexor motoneurons (F.MN) are 

represented by diamonds. Pathways 1 and 4 are the monosynaptic pathway from group la 

afferents to their respective motoneurons. Pathways 2 and 5 represent the disynaptic 

pathway from group I afferents to the motoneurons. Pathways 3 and 6 represent muscle 

afferent pathways which directly affect the locomotor CPG (adapted and modified from 

McCrea 2001; Quevedo et al. 2000; Pearson 1995). See text for further details.
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opened by either a disinhibition (pathway a, Fig. 1.1) or excitation from the extensor half- 

centre (pathway b, Fig. 1.1) of the intervening intemeuron (INe in Fig. 1.1). Recently, an 

intemeuron population that may mediate the disynaptic excitation of extensor 

motoneurons during locomotion was identified (McCrea et al. 2001). These intemeurons 

are located in laminae 4-6 and close to the motoneurons to which they project (see McCrea

2001). A  third pathway by which extensor group I afferents can shape locomotor output is 

by direct action onto the locomotor CPG (pathway 3, Fig. 1.1). The ability for a given 

stimulus to reset or entrain the locomotor rhythm is evidence for its effect on the locomotor 

CPG (Hultborn et al. 1998). As discussed in the preceding sections, activation of extensor 

group I afferents by various stimuli (e.g. large amplitude ramp stretches, force pulses, 

electrical stimulation) entrains the locomotor rhythm (Conway et al. 1987, Pearson et al. 

1992, Gossard et al. 1994) and also prolongs the duration of extensor activity (Guertin et 

al. 1995; Whelan et al. 1995a). The fact that activation of primary and secondary muscle 

spindles from flexor muscles also resets the locomotor rhythm indicates a pathway from 

these afferents to locomotor CPG (Perreault et al. 1995; Hiebert et al. 1996) (pathway 6, 

Fig. 1.1).

1.5.4 Afferent Regulation o f the Timing and Magnitude o f Flexor Burst Activity

An important issue in the regulation of swing phase activity during walking is how

the nervous system ensures that the trajectory of the limb and subsequent foot placement in

preparation for support is accurately achieved. The significant role of cutaneous afferents

(reviewed in Rossignol 1996) and supraspinal control (reviewed in Drew et al. 1996) during

the swing phase has been established. The first evidence for the influence of proprioceptive
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feedback during the swing phase of locomotion came from the experiments of Orlovskii and 

Shik (1965). During treadmill locomotion in dogs they found that when a braking force was 

applied to the forelimb at the elbow, the forelimb was able to quickly compensate (within 

30 ms) and resume forward movement with the same speed and inter-joint coordination as 

during control steps. The short time delay of the compensatory response led Orlovskii and 

Shik (1965) to conclude that segmental mechanisms exist that monitor and appropriately 

respond to changes in proprioceptive input during the swing phase. Similarly, in humans, 

Garrett and Luckwill (1983) reported that a mechanical perturbation during the swing 

phase of treadmill locomotion caused a shift in the timing of EMG activity while preserving 

angular velocity of the knee joint. Thus, they concluded that proprioceptive inputs, 

triggered by the mechanical perturbation, function to stabilize movement of the knee and 

thereby ensure stability of the body during the swing phase.

Recently, more evidence for the functional importance of proprioceptive input 

during the swing phase of walking has emerged. It is now apparent that, as in the extensor 

system, both the timing and magnitude of flexor activity are regulated by proprioceptive 

feedback from receptors in flexor muscles. This was clearly demonstrated in a recent study 

in decerebrate walking cats (see Chapter 3, Lam and Pearson 2001a). Although the specific 

receptors controlling flexor burst activity in these experiments could not be identified, the 

results suggest that Golgi tendon organs and muscle spindles could be important receptors 

for monitoring the load and length changes imposed on the muscles during the various 

perturbations. Indeed, a significant advance over the past few years has been the 

accumulation of direct information on the role of feedback from these large muscle 

afferents in regulating the duration and magnitude of flexor activity during locomotion.
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During fictive locomotion in decerebrate cats, stimulation of group I afferents from TA, 

extensor digitorum longus (EDL), IP, sartorius, and posterior biceps and semitendinosus 

(PbST) during the flexion phase generally resulted in a prolongation of flexor bursts, 

although the effects from TA  stimulation were variable (Perreault et al. 1995; McCrea et al. 

2000). In the case of sartorius group I afferent stimulation, a prolongation of the step cycle 

duration was also produced (Perreault et al. 1995). Additionally, stimulation of group I 

muscle afferents from the IP and sartorius muscles enhances the magnitude of flexor bursts 

(McCrea et al. 2000).

Because stimulation of muscle afferents at group I strengths recruits afferents from 

both muscle spindles and Golgi tendon organs, the relative contribution of la and lb 

afferents to flexor motoneuron activation during locomotion is presently unclear. A role for 

la afferents is likely since small stretches to the EDL muscle produced disynaptic excitation 

of EDL and TA  motoneurons, similar to that obtained with electrical stimulation (Quevedo 

et al. 2000). O n  the other hand, stretch of the IP tendon during flexion produced litde 

effect on cycle period or flexor burst duration (Hiebert et al. 1996; Lam and Pearson 

2001a). Thus, the extent to which group I flexor muscle afferents have an effect on the 

locomotor pattern appears to depend on the muscle from which these afferents arise.

The influence of feedback from flexor group II muscle afferents on the flexor phase 

of locomotion has also been investigated (Perreault et al. 1995; McCrea et al. 2000). Thus 

far, the findings have been inconsistent Initially, Perreault et al. (1995) reported that 

stimulation of TA, PbST, and sartorius nerves at group II strength during flexion reset the 

locomotor rhythm to extension during fictive locomotion in decerebrate cats. More recently 

however, McCrea et al. (2000) found that during flexion, stimulation of group II muscle
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afferents from EDL, IP, and sartorius prolonged the duration and enhanced the magnitude 

of flexor activity while stimulation of group II afferents from TA  reset the locomotor 

rhythm to extension. Activation of group II afferents from the EDL and TA muscles also 

prolongs flexor burst duration in walking decerebrate cats (Hiebert et al. 1996). The 

inconsistency between reports of the action of group II muscle afferents may be partly 

explained by recent findings (see Chapter 4, Lam and Pearson 2001b). During treadmill 

walking of decerebrate cats, group II stimulation of sartorius muscle afferents during flexion 

initially resulted in inhibition of IP bursts (decreased IP magnitude) followed by a resetting 

of the locomotor rhythm. However, with prolonged exposure to this stimulus (>5 trials), 

this inhibitory effect was suppressed and an excitatory response on IP burst duration and 

amplitude emerged (Lam and Pearson 2001b). Thus, it appears that the time-course and 

history of exposures to group II stimulation should be taken into account when considering 

the influence of group II flexor muscle afferents on locomotor activity and rhythm.

The effects of group I and II flexor muscle afferent stimulation on flexor activity 

during the swing phase of decerebrate cat locomotion could account for the effects 

observed in conscious cats undertaking different walking tasks. For example, in cats walking 

uphill, hip flexor muscles produce greater activity during the swing phase (Carlson-Kuhta et 

al. 1998). In both intact cats and humans, greater flexor activity is also required in order to 

step over obstacles (Lavoie et al. 1995; McFadyen and Carnahan 1997; McFadyen et al.

1999). These increases in flexor activity could be mediated by increased Golgi tendon organ 

activity due to loading of the flexor muscles as the leg has to move more against gravity. 

Another example comes from unpublished observations that the addition of an extra load 

strapped around a cat’s hindlimb results in greater flexor burst magnitude and duration
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during the swing phase of treadmill locomotion (Lam and Pearson, unpublished data) and 

greater flexor muscle torque, particularly at the knee, during obstacle avoidance (see 

Chapter 5). Thus, feedback from Golgi tendon organs could be functionally important in 

situations where greater force generation is required in flexor muscles.

1.5.5 Segmental Pathways Involved in the Afferent Regulation o f Flexor Burst Activity

The identity of the segmental pathways by which muscle afferents from flexor

muscles exert an effect on flexor motoneurons during locomotion is beginning to be

addressed. Data available so far indicate that the regulation of flexor burst activity by flexor

group I afferent pathways bears a close resemblance to those from extensor afferents

regulating extensor burst activity during locomotion (Fig. 1.1). Afferent feedback from

flexors influences both the timing and magnitude of flexor burst activity by direct action on

flexor motoneurons (Lundberg 1981, Quevedo et al. 2000) (pathway 4, Fig. 1.1), by

disynaptic excitatory pathways to flexor motoneurons (Degtyarenko et al. 1998; Quevedo

et al. 2000) (pathway 5, Fig. 1.1), and by direct action on the locomotor pattern generator

(Perreault et al. 1995; McCrea et al. 2000) (pathway 6, Fig. 1.1). O ther similarities are

convergence of different afferent inputs to produce common effects and reorganization of

reflex pathways in a state-dependent manner. For example, the switch from an inhibitory to

an excitatory connection in the disynaptic pathway from flexor group I afferents to flexor

motoneurons is an example of reflex reorganization that occurs in the presence of

locomotion (Quevedo et al. 2000). Disynaptic excitatory pathways from flexor group I

afferents to flexor motoneurons are opened during locomotion (via pathways a and b onto

INf in Fig. 1.1) but not at rest, with transmission strongest during the flexion phase and only
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weakly present during the extension phase (indicated by dotted line in Fig. 1.1). In 

addition, the pathways appear to provide input mainly to homonymous motoneurons. Input 

to synergists is present, but to a lesser extent (Quevedo et al. 2000).

1.6 Adaptive Plasticity in the Walking System
Afferent feedback is also important for the adaptive modification of the locomotor

system after changes or injury to the musculoskeletal or nervous system. The previous 

sections highlighted the importance of afferent pathways in regulating the motor output 

during locomotion and the significant advances that have been made in the identification 

of the pathways by which afferent feedback shapes locomotor output. The important 

concept is that proprioceptive inputs provide cues about the mechanical state of the 

musculoskeletal apparatus and this information is used to control the timing and magnitude 

of motor activity. One implication of this concept is that proprioceptive signals can also 

provide information about persistent changes in the mechanical properties of the system 

and therefore be used to adapt the motor output to meet the requirements of the altered 

limb mechanics. Since the musculoskeletal properties of the leg change throughout life, 

mechanisms must be in place for matching the motor output with current leg mechanics. 

This concept provided the basis for the final 2 projects of this thesis (see Chapters 5 and 6).

1.6.1 Adaptive Modifications to Locomotion in Cats after Peripheral Nerve Injury

The first indication that adaptive plastic changes occur in the reflex pathways that

regulate locomotor output came from studies on the influence of group I afferents on

extensor duration (Whelan et al. 1995b, 1997). An interesting feature of the regulation of

extensor burst duration by group I afferents from the ankle extensor muscles is that there is
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an imbalance in the relative contribution of afferents from different muscles. Stimulation of 

group I afferents from the LGS nerve is normally more effective than stimulation of group I 

afferents from the medial gastrocnemius (MG) nerve for regulating extensor burst duration 

during stance (Whelan et al. 1995a). After sectioning all of the ankle extensor nerves, 

except those from MG, the effectiveness of MG nerve stimulation became stronger in the 

days following the neurectomy and was able to exert a more powerful effect on extensor 

burst duration (Whelan et al. 1995b, Whelan and Pearson 1997). The increase in efficacy 

of MG nerve stimulation on modifying extensor burst duration is most likely mediated by an 

increased gain in the pathway from MG group I afferents to the locomotor CPG (Whelan 

and Pearson 1997) (pathway 1, Fig. 1.2).

Denervation of the synergists to MG also caused a progressive adaptive increase in 

the magnitude of MG activity during walking (Pearson et al. 1999; Pearson and Misiaszek

2000). The increase in the late component of MG EMG (which is centrally and peripherally 

driven) occurred rapidly, within the first few days after denervation (Pearson et al. 1999). 

O n the other hand, the magnitude of the early component of MG EMG (which is centrally 

driven) increased gradually over a 1-week period (Pearson et al. 1999). Both of these 

adaptive increases were correlated with functional improvement, as indicated by a decrease 

in the amount of ankle flexion during stance. The differential time course of recovery 

between the early and late components of MG EMG indicates separate mechanisms that 

mediate the adaptive increases in MG activity. Since the early component is generated by 

central mechanisms (Gorassini et al. 1994), the gradual increase in this component of MG 

EMG is likely mediated by an increase in central drive (pathway 2, Fig. 1.2) (Pearson et al. 

1999; Gritsenko et al. 2001).
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W hat are the mechanisms that underlie the rapid adaptive increase in the late 

component of MG EMG after denervation of MG synergists? Pearson and Misiaszek (2000) 

found a use-dependent increase in the slope of the relationship between MG magnitude 

and the amount of yield (flexion) at the ankle during stance. These observations are 

consistent with the idea that an increase in gain of the reflex pathways from MG afferents 

to MG motoneurons occurs after denervation of MG synergists (Pearson et al. 1999; 

Pearson and Misiaszek 2000). Although other sources of afferent input cannot be 

discounted, this increase in gain is likely primarily driven by the greater afferent input from 

the isolated MG muscle since the adaptive responses are not present if the ankle is 

immobilized after the neurectomy (Pearson et al. 1999). The adaptive increase in the 

magnitude of MG EMG could be due to facilitation of disynaptic reflex pathways from 

extensor group I afferents to MG motoneurons (pathway 3, Fig. 1.2). O n the other hand, 

Gritsenko et al. (2001) contend that the adaptive increase in the late component of MG 

EMG after neurectomy could be accounted for by an increase in central drive. This 

conclusion was based on the fact that the increase in the initial component of MG EMG 

occurred in proportion to an increase in the MG stretch reflex response, thereby indicating 

that the adaptive increase in the stretch reflex was due to higher levels of central drive to 

MG motoneurons (Gritsenko et al. 2001). Methodological differences could account for the 

different conclusions made by Gritsenko et al. (2001) and Pearson and Misiaszek (2000). 

Gritsenko et al. (2001) commenced post-denervation recordings after 12 hours, during 

which time the cats were free to move about in their cages while Pearson et al. (1999)
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Figure 1.2. Adaptive Modifications o f the Locomotor Pattern following Partial 
Denervation o f Ankle Extensors.

Schematic diagram of central and reflex pathways from MG group I afferents that 

regulate extensor activity during locomotion. Abbreviations and symbols are in the same 

convention as in figure 1.1. After LGS and plantaris denervation, adaptive increases in 

MG activity occur via an increase in the influence in the oligosynaptic pathway from 

group 1 afferents to the locomotor CPG (1), an increase in the central drive from the 

locomotor CPG to extensor motoneurons (2), and an increase in reflex activation of 

extensor motoneurons via the disynaptic excitatory pathway (3).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

F.MN

stance swing

-''additional^ 
stretching and 
•loading of MG

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

commenced post-denervation recordings after only 5 hours, during which time the cats 

were confined to a small kennel, allowing little movement. The largest increases in the 

magnitude of the late component were observed by Pearson et al. (1999) to occur early in 

the recovery phase. Thereafter, the magnitudes of the early and late components increased 

relatively in proportion, similar to the findings of Gritsenko et al. (2001). The combination 

of allowing the animals to exercise after the denervation coupled with a slightly longer time 

delay before the first recordings were made could account for Gritsenko et al. (2001) 

finding no evidence for an independent increase in the gain of stretch reflex pathways not 

associated with an increase in central drive.

After denervations of the LGS muscles, chronic spinal cats also show similar 

functional improvement (decreased ankle flexion during stance) as observed in intact cats 

(Bouyer et al. 2001). This further indicates that neural mechanisms at the spinal level can 

detect and make compensations for deficits induced by ankle extensor neurectomy. 

However, chronic spinal cats do not consistently show the differential time course of 

adaptive increase in the early- and late-components of MG EMG. Furthermore, the 

increased effectiveness of electrical stimulation of MG group I muscle afferents on extensor 

burst duration seen in intact cats (Whelan and Pearson 1997) does not necessarily occur in 

chronic spinal cats after neurectomy (Bouyer et al. 2001). Thus, it remains unclear whether 

the mechanisms used by chronic spinal cats to recover function after neurectomy are the 

same as those used by intact cats.

Evidence that plasticity in descending input from supraspinal centres may play a 

role in the adaptive modifications that occur in intact cats comes from the experiments 

conducted by Carrier et al. (1997). They showed that conscious cats were able to adapt
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their locomotor pattern very well following a neurectomy of the ankle flexors T A  and EDL. 

The adaptation consisted of small increases in knee and hip flexor activity allowing the paw 

to clear the ground during the swing phase. After spinalization, however, the locomotor 

pattern deteriorated with the increase in hip and knee flexion greatly exaggerated and the 

appearance of other abnormal movement patterns. Even with training, the locomotor 

pattern did not improve. If spinalization is performed before denervation of the TA  and 

EDL and the cats are step-trained, minimal effects on the locomotor pattern are seen. That 

is, the spinal cats could make appropriate modifications to compensate for the denervation 

similar to that seen in uninjured cats. This difference in the locomotor recovery between 

spinalization following denervation and denervation following spinalization implies that the 

plasticity in response to denervation alone involves modifications at both the spinal and 

supraspinal levels. Removal of supraspinal input after denervation reveals unorganized 

movements generated by the plasticity at the spinal level (Carrier et al. 1997).

1.6.2 Adaptive Modifications to Locomotion after Biomechanical Changes to the Limb

Throughout an organism’s development and growth, changes to the physical

properties of the limbs inevitably occur and adaptive processes must be available to respond 

to these changes, which are not necessarily initiated by nerve injury (Pearson 2000). Thus, 

an important issue is to address the question of how adaptive modifications occur in 

response to training or alterations in the biomechanical properties of the limb.

To address this issue in the ankle extensor system of walking cats, Misiaszek and 

Pearson (2002) studied the effects of weakening the ankle extensor muscles (except MG) 

with injections of botulinum toxin on the locomotor pattern in normal cats. Similar to the
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response to ankle extensor nerve transection (Pearson et al. 1999), injection of botulinum 

toxin into the ankle extensor muscles induced a progressive increase in MG burst 

amplitude. Furthermore, this initial adaptive increase in MG activity was sufficient to 

respond to subsequent events that weakened the ankle extensor muscle group (a second 

botulinum toxin injection and final nerve cut to ankle extensor nerves) (Misiaszek and 

Pearson 2002).

There are numerous other examples of adaptation in the locomotor system in 

response to a sustained alteration in the biomechanics of the limb or external conditions 

(reviewed in Pearson 2000). During treadmill locomotion, decerebrate ferrets can be 

conditioned to increase the height of their forelimb trajectory to step over an obstacle (Lou 

and Bloedel 1988). Adaptation occurred rapidly, after as few as 7 perturbation trials during 

which the obstacle (a straight rod) was placed in the trajectory of the swinging forelimb. 

Upon removal of the obstacle, the conditioned increase in paw trajectory persisted for a few 

steps before returning to control levels.

In humans, evidence for learning in a variety of locomotor tasks is also observed. 

For example, after a period of walking on a rotating disk, humans will continue to walk 

along a curved trajectory when asked to walk in a straight line over level ground with their 

eyes closed (Gordon et al. 1995; Weber et al. 1998). Similarly, after a period of jogging on a 

treadmill, subjects will inadvertently jog forwards over level ground when asked to jog in- 

place with their eyes closed (Anstis 1995). Similar results were obtained for hopping on one 

leg on the treadmill. After dismounting the treadmill, subjects also hopped forward on the 

same leg when asked to hop in-place with their eyes closed (Anstis 1995). This after-effect 

was not observed with the opposite leg suggesting that peripheral rather than central
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mechanisms were involved in the adaptation. Similarly, adaptation to walking on a split- 

belt treadmill also does not transfer between the two legs (Prokop et al. 1995). After the 

initial adaptation to walking on a split-belt treadmill, the relative speeds of the two 

treadmill belts were switched. Adaptation to this “mirror condition” required the same 

amount of time as the initial adaptation. Thus, learning in the lower limbs appears to be 

dependent on specific proprioceptive input from the perturbed limb.

A further issue that remains to be resolved is the sites within the nervous system 

where plastic changes responsible for mediating the adaptation to locomotor activity are 

located. Several lines of evidence indicate that the cerebellum is involved in motor learning 

of upper limb movements (Kitazawa et al. 1998; Thach 1998; Imamizu et al. 2000; Nezafat 

et al. 2001) and eye movements (Gomi et al. 1998). The cerebellum also appears to have a 

similar role during learning of locomotor tasks (Yanagihara and Kondo 1996; Rand et al. 

1998). Yanagihara et al. (1993) showed that chronic decerebrate cats could adapt slowly to 

different treadmill speeds on a split-belt treadmill. During this perturbed locomotion, 

increases in climbing fiber discharges from Purkinje cells in the cerebellum were recorded 

(Yanagihara and Udo 1994). Furthermore, inactivation of nitric oxide pathways, which are 

involved in long-term depression in Purkinje cells in the cerebellum, abolished motor 

learning in decerebrate cats walking on split-belt treadmill (Yanagihara and Kondo 1996). 

These sets of data provide compelling support for the idea that cerebellar pathways are 

important for mediating adaptations during locomotor tasks. In humans, similar support for 

the role of the cerebellum for motor learning during locomotion has been provided by Rand 

et al. (1998). They showed that subjects with cerebellar lesions employed more variable and 

inefficient compensatory patterns in response to perturbations to treadmill speed compared
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with healthy subjects. The nature of these compensations were consistent with the 

incapacity of cerebellar patients to adequately respond to on-line processing of sensory 

information (temporal and proprioceptive) and inadequate scaling of the magnitude of 

motor movements (Rand et al. 1998). Thus, although the cerebellar patients could adapt 

their locomotor pattern to perturbations in treadmill speed, the lack of consistency and 

efficiency seen in their response patterns suggests the need for an intact cerebellum for the 

complete adaptive pattern seen in normal controls.

1,7 Summary and Thesis Objectives
This introductory section has reviewed the present state of knowledge regarding the

adaptive control of locomotion with special focus on issues pertaining to the possibility of 

shared neural circuitry for locomotion, the proprioceptive regulation of locomotion, and the 

involvement of these afferents in long-term adaptive modifications to the locomotor pattern 

that take place after injury and persistent changes to limb mechanics and external 

conditions. Valuable information on the malleability of pattern-generative networks has 

come from invertebrate and simple vertebrate preparations and provided a framework for 

investigations of similar flexibility in mammalian locomotor networks. While our 

understanding of the intricate organization of mammalian locomotor-generating circuits is 

far less detailed than that of simpler organisms, behavioural evidence has provided some 

insight into the possibility that shared circuitry exists between various locomotor tasks as 

well as with other rhythmic behaviours. Additional insight into the organization of 

locomotor generating networks has been provided by the substantial progress made in the 

identification of the afferents and their segmental pathways involved in the regulation of
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locomotor activity, particularly those regulating stance phase activity. The identification of 

the intemeurons interposed in these afferent pathways is beginning to occur. Further work 

is needed to elucidate the specific afferents and their pathways in the regulation of swing 

phase activity. Nevertheless, data available so far indicate that the pathways are analogous 

to those regulating the stance phase. Together, data on the afferent regulation of extensor 

and flexor activity provide an important framework for examining the mechanisms 

underlying adaptive modifications of locomotor activity in response to changes in the 

nervous or musculoskeletal systems. Indeed, it has been found that some of the same 

pathways that regulate extensor activity during locomotion can also undergo changes in 

gain to compensate for changes in the neuromuscular apparatus of the lower leg. 

Knowledge of the reflex pathways that regulate locomotor output and their role in adaptive 

modifications after injury have important implications for the development and 

improvement of artificial control systems as well as rehabilitative techniques in individuals 

after central and peripheral nervous system injury.

The projects presented in this thesis focus on 3 areas related to the adaptive control 

of locomotion. The first project examined the concept of shared neural networks for the 

control of different directions of locomotion and found evidence consistent with the idea 

for a common locomotor pattern generator for all directions of human infant stepping 

(Chapter 2). The second project investigated the role of proprioceptive input from hip 

flexor muscles in the regulation of flexor activity during the swing phase of decerebrate cat 

locomotion (Chapter 3). The data showed that proprioceptive input from the sartorius 

muscles was particularly important for regulating hip flexor amplitude and duration during 

the swing phase. Based on these results, the role of sartorius muscle afferents was
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investigated in more detail in a subsequent study by electrically stimulating the sartorius 

nerve at various strengths during treadmill locomotion in decerebrate cats (Chapter 4). The 

demonstration that proprioceptive feedback is important for regulating the activity of flexor 

muscles inevitably led to the question of whether sustained changes to proprioceptive 

feedback mediates long-term adaptive modifications during the swing phase of cat 

locomotion. This issue was investigated in the final studies that examined the adaptations 

that occurred in response to loading of the limb during the swing phase of stepping in intact 

cats (Chapter 5) and human infants (Chapter 6).
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2.1 Introduction
An. important concept emerging from the study of neural networks is the idea that 

different motor patterns can be produced by the same circuitry given the appropriate 

modulatory mechanism (Marder and Calabrese 1996). These modulatory mechanisms can 

be a neuromodulator, afferent input, or supraspinal input (Getting 1989). Invertebrate 

preparations have supplied the most direct evidence for this idea (Marder and Calabrese 

1996). The evidence that a single neural network produces several variants of a task is less 

direct in vertebrate preparations. One example of this was demonstrated during fictive 

swimming in the lamprey. Varying the concentration of the excitatory amino acid NMDA 

(N-methybD-aspartate) applied to different portions of the lamprey spinal cord produces 

changes in the intersegmental coordination (Matsushima and Grillner 1992a). If rostral 

segments of the lamprey spinal cord are perfused with a higher concentration of NMDA 

compared to the caudal segments, the fictive swimming resembles forward swimming. If the 

caudal portions are provided with the higher NMDA concentration, this fictive swimming 

reverses to the backward direction. Other neuromodulators (serotonin and GABA) can 

also have a role in the modulation of intersegmental coordination and burst frequency 

(Matsushima and Grillner 1992b; Tegner et al. 1993).

The scratch reflex in the turtle has also provided evidence for a common neural 

network mediating the different forms of a task (Mortin et al. 1985; Robertson et al. 1985; 

reviewed in Stein e t al. 1986). The three basic forms of the scratch reflex are differentially 

elicited by stimulation of different areas of skin (receptive fields). Blends of the forms of the 

reflex can also be elicited by stimulation of transitional zones that are situated between
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receptive fields. These blended responses show characteristics of scratch responses elicited 

from both adjacent receptive fields. In addition, the segments of the turtle spinal cord 

which are required for the different forms of the scratch response have been identified and 

shown to be localized within the same region (spanning four spinal cord segments) (Mortin 

and Stein 1989). Moreover, there is compelling evidence that the neural circuitry for one 

form of the scratch reflex is shared with the circuitry for the other forms of the scratch 

reflex (Stein et al. 1998). These findings in the turtle are consistent with the idea that there 

are common neural network components that control the different forms of the scratch 

response.

In mammals, the idea of a common neural network underlying different forms of a 

behaviour has been supported in studies of different forms of cat locomotion. The evidence, 

however, is far less conclusive than that from invertebrate and simple vertebrate 

preparations. Intact cats can modify their locomotor pattern to produce speed-related 

changes (i.e. walk, trot, gallop) (Smith et al. 1993), upslope and downslope walking (Smith 

and Carlson-Kuhta 1995; Carlson-Kuhta et al. 1998; Smith et al. 1998a), crouched walking 

(Trank et al. 1996), and backward walking (Buford and Smith 1990). The ability of cats to 

alter their locomotor patterns in this way could be explained by reconfigurations in the 

locomotor CPG model originally proposed by Grillner (1981) (Smith et al. 1998b). These 

central reconfigurations may be accomplished by supraspinal input (Stein and Smith 1997).

Stein et al. (1986) observed that humans are also able to continuously change their 

direction of stepping in a smooth and automatic manner. Are the different forms of walking 

controlled by the same circuitry? Thus far, forward and backward walking have been 

studied in adult humans. A  consistent result from these studies is the almost perfect reversal
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in the joint kinematic profile when comparing backward to forward walking (Thorstensson 

1986; Vilensky et al. 1987; Winter et al. 1989; Grasso et al. 1998). In contrast, muscle 

activation patterns are more varied. Results among different laboratories show neither a 

consistent preservation nor a strict reversal in coupling of muscles between the forward and 

backward direction (Thorstensson 1986; Winter et al. 1989; Grasso et al. 1998). Grasso et 

al. (1998) suggested that the preservation of kinematic profiles occurs at the expense of 

muscle activation patterns, but their results neither support nor refute the possibility that a 

common neural network is producing the different forms of walking.

Studying adult human walking, however, is not the ideal approach to determine the 

ability of the human locomotor central pattern generator (CPG) to produce different forms 

of locomotion. Higher brain centres can intervene at any time and their contribution 

cannot be distinguished from that originating from the brainstem/spinal circuitry. Recently, 

human infants were introduced as an alternative model for studying CPG control of 

locomotion in humans (Yang et al. 1998a).

Infants exhibit a stepping response that is thought to be mostly under the control of 

spinal and brainstem circuitry (Peiper 1963; Forssberg 1985). Indirect evidence from a 

number of sources suggests that the strength of connections from the motor cortex is weak 

in infants. For example, the threshold for eliciting muscle activity in the upper limbs using 

transcranial magnetic stimulation over the motor cortex is extremely high in young children 

under 2 years of age (Koh and Eyre 1988; Eyre et al. 1991; Muller et al. 1991). W hen it is 

possible to elicit responses, the conduction velocities are more than an order of magnitude 

slower than adults in infants under the age of 1 (Koh and Eyre 1988). Histologically, the 

corticospinal tract is not fully myelinated until the age of 2 (Yakovlev and Lecours 1967).
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Behaviourally, children do not use the fingertip and thumb in opposition to grasp objects 

(pincer grip) until 6 months of age at the earliest (Halverson 1943). Development of the 

pincer grip in monkeys was correlated with the maturation of the corticospinal tract to the 

cervical enlargement; this occurs around the age of 7 months (Hall et al. 1992; Flament et 

al. 1992b). Maturation of connections to the lumbar enlargement occurs shortly thereafter 

(Flament et al. 1992a). Thus, with the current information, it is reasonable to suggest that 

infant stepping is not likely under strong cortical control. We cannot rule out the possibility 

that indirect pathways from the cortex are mature in the infant. Nevertheless, while it is 

important that we continue to seek evidence for the state of maturation of motor tracts in 

infants, we believe infants provide a unique opportunity to study the neural control of 

locomotion before extensive influence from the cerebrum is present.

The goal of this study was to determine whether different directions of stepping in 

human infants might be produced by one central pattern generator system. We reasoned 

that if the same circuitry can produce all directions of stepping, then i) infants who can step 

in one direction will be able to step in all other directions; ii) infants will respond in the 

same way to speed changes regardless of the direction of stepping; and iii) changes in 

direction of stepping can be achieved in a continuous manner without any discontinuity in 

the stepping rhythm. The incidence of stepping across different age groups, temporal 

parameters of gait, and the continuous manner in which infants altered their stepping 

direction provided evidence supporting the idea that different directions of locomotion can 

indeed be mediated by a common neural network. Preliminary results have been published 

in abstract form (Yang et al. 1998b).
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2.2 Methods

2.2.1 Subjects and Preparation

Fifty-two infants (male and female) ranging in age from 2 months to 11 months

were studied. Infants were recruited from the maternity ward of a local hospital and from 

some local community health clinics. Parents were required to give voluntary and written 

consent on behalf of their infant for participation in the study. Ethical approval was 

obtained from the University of Alberta and the local health authority.

Recording electrodes (silver-silver chloride surface electrodes, Beckman type) were 

placed on the skin overlying the tibialis anterior (TA), gastrocnemius/soleus (GS), 

quadriceps (Quad), and hamstrings (Hams) muscles after cleaning the skin with rubbing 

alcohol. In most infants, electromyographic (EMG) recordings were taken from one side. In 

the other infants, EMG recordings were taken from only the GS and TA  muscles from both 

legs. Regular-sized electrodes (7 mm recording diameter) were used unless the infant was 

very young or very small, in which case miniature electrodes (2 mm recording diameter) 

were used. The electrode pairs were separated by 1 to 2 cm. Force sensitive resistors (FSRs) 

(Interlink Electronics, Camarillo, CA) were taped to the soles of the feet to record the time 

of contact each foot makes with the treadmill surface. Adhesive joint markers were placed 

over the superior border of the iliac crest, the greater trochanter of the femur, the knee 

joint line, the lateral malleolus, and the head of the fifth metatarsal on both legs. In some 

infants, joint markers were also placed over the anterior aspect of the ankle joint, over the 

superior border of the patella, directly under the anterior superior iliac spine (ASIS) and on 

the abdomen directly above the ASIS to obtain limb segment motion data from a coronal 

view for sideways stepping. Skin markers will, of course, move with the skin, so they cannot
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indicate the precise position of a segment. We are interested in the gross movements of the 

limbs during stepping, for which these markers are adequate. The analog data from the 

electrodes and FSRs were recorded on VHS tape with a pulse-code modulated encoder 

(A.R. Vetter Co. Inc., Rebersburg, PA). A  video camera was used to record the motion 

from one side. A  digital timer synchronized the analog and video data by generating a light 

signal on video and a pulse on analog tape at a rate of 1 Hz.

To elicit stepping, infants were held under their arms with their feet touching a 

slowly moving treadmill belt (0.1 to 0.6 m/s). The infant was allowed to bear as much of his 

or her own weight as possible, the rest being supported by the investigator holding the 

infant. Short trials (0.5 to 2 minutes, depending on the infant’s endurance) were recorded 

with rest breaks in between.

If an infant could step forward, he or she was then tested in the other directions of 

stepping. Infants who did not show forward stepping were excluded from the study. 

Backward stepping was defined as those steps in which the infant’s leg actively moved 

backward so that the lateral malleolus reached a point posterior to the greater trochanter. 

Sideways stepping was defined as those steps in which the leading leg was observed to be 

abducting and the trailing leg adducting past neutral. The infant was held facing different 

directions with respect to the motion of the treadmill belt in order to achieve stepping in 

these directions. Additionally, attempts were made in some infants to gradually turn them 

along a 180s path during stepping to achieve a continuous sequence of stepping in all 

directions. For some infants, different directions of stepping were elicited at a range of 

speeds. Stepping sequences must have comprised at least 4 consecutive steps to be accepted 

for further analysis.
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2.2.2 Data Analysis

Video data was examined for sequences of sustained, alternating stepping. The 

EMG data were high-pass filtered at 10 Hz, low-pass filtered at 30 Hz, and full-wave 

rectified. All the analog data from the EMGs, the FSRs, and synchronization light were 

converted to digital form at 200 Hz using a computer software program (Axoscope, Axon 

Instruments Inc., Foster City, CA). EMG and FSR data were averaged over single cycles 

with alignment to the beginning of foot contact, as indicated by the FSRs or video image. 

Data were analyzed separately according to the direction of stepping. All stepping 

sequences occurring in a particular direction at a given speed were averaged together. Only 

noise-free EMG data were included in the averages. The averaged EMG recordings from 

backward and sideways stepping were normalized to the peak EMG for each muscle 

obtained from the forward stepping trials at the same speed. These averaged EMG traces 

over a step cycle were then normalized in time by distributing the trace into a series of 100 

time sections using a custom-written computer program (MATLAB, MathWorks, Natick, 

MA).

Co-contraction was calculated in a similar manner as reported in a previous paper 

(Yang et al. 1998a). The area under averaged and normalized noise-free EMG data from 

the TA  and GS muscle groups was calculated after removing a bias using a custom-written 

computer program (MATLAB, MathWorks, Natick, MA). The bias was defined as a 50- 

100 ms period of quiescent muscle activity within the averaged and normalized data. The 

area under the averaged EMG from a muscle was defined as 100%, and the amplitude at 

each point in time expressed as a percentage of this total. The index of co-contraction was 

defined as the overlap in area between the TA  and GS muscles. For example, if at a given
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point in time in the step cycle both EMGs were not zero, then the overlap at that time was 

given as the EMG with the lower amplitude. The total index of co-contraction in the step 

cycle is the sum of these individual overlap points with the maximum possible overlap being 

100%. Indices were calculated for forward, backward, and sideways stepping. The co- 

contraction indices were compared with data obtained from a previous study (Yang et al. 

1998a) using Student’s t-test. The co-contraction indices were also compared between 

forward, sideways, and backward stepping using ANOVA.

The success in eliciting backward and sideways stepping was compared across age 

groups. The incidence of backward and sideways stepping was expressed as a percentage of 

infants who could step forward.

A repeated measures analysis of covariance (ANCOVA), with speed as the 

covariate, was used to determine differences in stepping frequency between forward, 

backward, and sideways stepping (leading leg and trailing leg). Stepping frequency was 

defined as the reciprocal value of cycle duration, also called cadence. Since individual 

infants stepped best at different treadmill speeds, the effect of speed on stepping frequency 

could be factored out. Cycle duration of infant stepping is not linearly related to treadmill 

speed (Yang et al. 1998a). Thus, stepping frequency (the reciprocal value of cycle duration) 

was used as the dependent measure since it has a linear relationship to speed, thus 

conforming with the assumptions of the ANCOVA model (Glass and Hopkins 1996). In 

addition, only data where an infant walked at the same treadmill speed for the three 

directions were used for the ANCOVA.

The relationship between stance and swing (phase) duration and cycle duration was 

described with a linear regression line. To test whether the relationship between phase
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duration and cycle duration was significantly different between the different directions of 

stepping, the W elch t’ test was used to compare the slope (regression coefficient, b) values 

between each direction, using data from forward stepping as the reference (Pedhazur 1982; 

Glass and Hopkins 1996). Significance was evaluated at a level of 0.05 for all of the above 

statistical tests.

To quantify differences in muscle activity patterns between the different directions 

of stepping, a repeated measures analysis of variance (ANOVA) was used to compare 

average EMG amplitude. Data from an individual infant was included only if the infant 

contributed data to forwards stepping and at least one other direction (i.e. backwards or 

sideways). O f the total 52 infants tested, 34 were tested for both backward and sideways 

stepping. Each cycle of normalized and averaged EMG recording for each muscle was 

divided into 10 equal bins (i.e. representing one-tenth of the step cycle) and the average 

EMG amplitude within each of these bins was calculated. The division of the step cycle into 

ten bins is arbitrary. It was chosen to allow estimates of the stance and swing phases (bins 1 

to 6 roughly correspond to the stance phase and bins 7 and 10 correspond to the swing 

phase). We felt this was the most appropriate way to divide the step cycle without making 

the statistical tests too cumbersome. The following comparisons on EMG amplitude were 

conducted: forward vs. backward, forward vs. the leading leg of sideways, and forward vs. 

the trailing leg of sideways. The Dunn (Bonferroni) method of multiple comparisons was 

used to compare the data post hoc. Thus, the level of significance was adjusted to 0.005 to 

account for the 10 post-hoc comparisons to minimize the increase in type I errors associated 

with multiple comparisons (Glass and Hopkins 1996).
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2.3 Results

2.3.1 Incidence o f Stepping in Different Directions

Backward stepping was attempted in 48 of the 52 infants. Thirty-three infants

successfully demonstrated sustained, alternating stepping in a backward direction (69%

success rate). Backward stepping could be elicited in an infant as young as 2 months old. By

9 months old, all infants tested could step backward consistently (Fig. 2.1). Sideways

stepping was attempted in 34 infants. All except one were successful in demonstrating

sustained, alternating sideways stepping (97% success rate). Interestingly, sideways stepping

appears to be more easily elicited than backward stepping, especially when comparing

infants in the younger age groups (2 to 5 months) (Fig. 2.1). However, it is important to

note that of the infants who “failed” the backward stepping criteria (n =  15), only 3 (aged 2

to 3 months) showed no response at all. In the remaining 12 infants, alternating stepping

movements were elicited, but the stepping did not meet our criteria for backward stepping.

In most of these infants, the stepping movements resembled in-place stepping, rather than

backward stepping. In 3 of the 12 infants (all in the 8 month age group), backward stepping

by a single limb was observed. In these cases, the recording limb was held stiff while the

other limb made backward stepping movements. O ther than the fact that these steps were

not alternating, these infants met our backward stepping criteria. We presume that the

presence of the electrodes and joint markers on the recording limb produced peculiar

sensory inputs that might have interfered with the infants’ stepping patterns.
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Figure 2.1. Incidence o f Backward and Sideways Stepping.

Incidence of stepping in (A) backward and (B) sideways directions in infants who

could step forward. The numbers inside the bars represent the number of infants in each

group.
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Figure 2.2A shows stick figures of forward and backward stepping from a 9-month' 

old infant. In contrast to forward and backward walking in adults (Thorstensson 1986; 

Vilensky et al. 1987; Winter et al. 1989; Grasso et al. 1998), the kinematic profiles do not 

show a symmetrical reversal in time. This infant’s averaged EMG traces are shown later 

(Fig. 2.6). Figure 2.2B shows stick figures taken from a 5-month-old infant stepping 

forward, sideways, and backward. This infant was also one who did hot meet our backward 

stepping criteria (note that the ankle joint is never positioned posterior to the hip joint). 

However, stepping movements did occur. W hen comparing the infants in figures 2.2A  and 

2.2B, it is clear that the younger infant was more flexed during forward stepping. During 

backward stepping, the younger infant was not able to extend the hip beyond neutral. This 

is typical of many of the infants who failed our backward stepping criteria. This flexed 

posture may account for the inability of many of the younger infants to meet our backward 

stepping criteria since the legs are at a biomechanical disadvantage to extend backward.

2.3.2 Temporal Parameters o f Stepping in Different Directions

Figure 2.3A demonstrates the strong linear correlation between stepping frequency

and treadmill speed (p <  0.01 for each direction of stepping). The ANCOVA (n =  26) 

yielded no significant difference in stepping frequency between the different directions of 

stepping. However, it does appear that there was a general trend of increasing stepping 

frequency (i.e. decreasing cycle duration) from forward to sideways to backward stepping 

(Fig. 2.3B).

Much of the change in cycle duration with speed was due to the change in stance 

duration for forward (r2 =  0.92), backward (r2 =  0.94), and sideways (leading leg) stepping
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Figure 2.2. Kinematic Figure o f  Forward, Backward, and Sideways Stepping.

A. Stick figures from a 9-month old infant stepping forward and backward. The

step starts from the stick figure at the far right (initial foot contact). The inter-frame 

interval is 33 ms. Both illustrations show limb segment motion over two successive step 

cycles. Each successive stick figure is shifted to the left for clarity. The thick black line 

delineates the swing phase. B. Stick figures from a 5-month old infant stepping forward, 

sideways (trailing leg), and backward. The convention is the same as that for A. In this 

case, only one step cycle is illustrated. Sideways stepping is diagrammed from the coronal 

view. In this example, the trailing leg collides with the leading leg causing a prolongation 

of the swing phase. The apparent change in ankle angle during sideways stepping is due to 

out-of-plane rotation at the ankle that occurred during the step cycle. The backward 

stepping illustrated here is an example of one that did not meet our criteria (see text).
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Figure 2.3. The Response to Changes in Treadmill Speed.

A. Stepping Frequency (Hz) vs. Treadmill Speed (m/s). For all directions of

stepping, there is a strong linear correlation between stepping frequency and treadmill 

speed. Pearson product-moment correlation (r) values are as follows: 0.62 for forward, 

0.69 for backward, 0.62 for the leading leg of sideways, 0.59 for the trailing leg of 

sideways. All r values are significant (p < 0.01). B. Stepping Frequency Normalized to 

Forwards vs. Direction of Stepping. Only the data from infants who stepped in all 3 

directions at a given speed were included. A  general trend of decreasing cycle duration as 

stepping direction changes from forward to sideways to backward is clear. The error bars 

represent standard deviation.
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(r2 =  0.89) (Fig. 2.4). Swing duration was more weakly related to cycle duration for these 

same directions of stepping (r2 values range from 0.33 to 0.64). In the trailing leg of 

sideways stepping, there was a different relationship between phase and cycle duration. In 

this case, both the stance and swing durations varied with cycle duration (r2 values of 0.49 

and 0.70, respectively). For the relationship between phase (stance and swing) and cycle 

duration, there was no significant difference in the slope (b) values between forward and 

backward, and forward and the leading leg of sideways stepping. In contrast, the trailing leg 

in sideways stepping differed significantly from forward stepping (p =  0.0016 for stance; p =  

0.0008 for swing).

2.3.3 EM G  Patterns

Figure 2.5 illustrates the index of co-contraction averaged across all subjects who

showed good EMG recordings from the TA  and GS muscles. Yang et al. (1998a) previously 

showed that the co-contraction index for the TA-GS pair was significantly higher in infants 

compared to adults. In the present set of data, we found no significant difference in the co- 

contraction index for any direction of stepping with that reported previously for infants 

(Yang et al. 1998a). In addition, there was no significant difference between co-contraction 

indices between the different directions of stepping.

An example of TA-GS co-contraction is seen in figure 2.6. This figure illustrates the 

averaged EMG pattern of step cycles from a single representative subject stepping in three 

different directions at the same speed. Note the activity in the TA  muscle, corresponding to 

activity in the GS muscles during stance phase. Indeed, the co-contraction indices from the
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Figure 2.4- Phase Duration vs. Cycle Duration.

Each data point represents the average duration over the number of steps taken

from an infant at a given treadmill speed. Error bars represent one standard deviation of

each of these sets of data. For forward (A), backward (B), and sideways (leading leg) (C)

walking, stance duration accounted for much of the response to speed change. Stance

duration is much more highly correlated with cycle duration than swing duration.

However, for the trailing leg in sideways stepping (D), stance and swing duration seem to

be equally correlated with cycle duration. The slope of the relationship between phase

duration and cycle duration is represented by b.
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Figure 2.5. Index o f Co-Contraction during Forward, Backward, and Sideways 
Stepping.

The co-contraction index for each direction of stepping was not significantly 

different between the different directions and between the values reported previously by 

Yang et al. (1998a). The data represent pooled data from 21 infants and the error bars 

represent the standard deviation.
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Figure 2.6. Muscle Activation Patterns for Different Directions o f Stepping.

Example of average rectified and filtered EMG records from stepping in each

direction from a 9-month old infant. Number of steps averaged in each direction: 33

forward, 17 sideways, 15 backward. Sideways stepping was recorded from the trailing leg.

Treadmill speed is 0.31 m/s. Steps are aligned to foot contact. Abbreviations: TA, tibialis

anterior; GS, gastrocnemius-soleus; Quad, quadriceps; Hams, hamstrings.
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TA-GS muscle pair calculated from this infant were higher than average (82% during 

forward stepping, 72% during sideways stepping, and 64% during backward stepping).

Overall, the EMG bursts from a particular muscle generally occurred at the same 

time in  the step cycle regardless of the direction of stepping. The only exception was the 

hamstring muscle group in which activity started earlier in the swing phase during backward 

stepping. Similar trends were seen when the data were averaged across subjects (Fig. 2.7). 

Nine comparisons turned out to be significantly different (p <  0.005) (see figure legend, 

Fig. 2.7). The statistical tests may have been too restrictive, however, and thus unable to 

detect some of the obvious differences seen in figure 2.7. However, some interesting trends 

were noted and will be discussed below. The number of infants who contributed data to the 

EMG averages is shown in Table 2.1.

The EMG waveforms for forward stepping were most similar to those of the leading 

leg of sideways stepping. Even in this comparison, however, some differences were noted. 

For example, the flexor muscles (TA and Hams) were in general more active during 

sideways stepping than forward stepping (Fig. 2.7B, C). The differences between the 

extensor muscles were most obvious for the trailing leg in sideways stepping. Presumably, 

the propulsive action of extensors is not as important for the trailing leg.

The EMG was most different for the hamstring muscle between forward and 

backward stepping. The strong activity of the hamstrings during backward stepping was 

probably important for generating the hip extension and knee flexion needed during the 

swing phase (see Fig. 2.7A). The extensor muscles also showed some differences. The GS 

does not show the propulsive activity in late stance during backward stepping. This trend is
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Table 2.1. Num ber o f Infants who Contributed E M G  Data.

Number of infants who contributed EMG data for each muscle in each direction

of stepping. Age range: 2 to 11 months. Abbreviations: TA, tibialis anterior; GS,

gastrocnemius-soleus; Quad, quadriceps; Hams, hamstrings; SL, leading leg of sideways

stepping; ST, trailing leg of sideways stepping.
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SL 12 12 12 12
S T 12 12 10 9
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Figure 2.7. E M G  Patterns Averaged across Subjects for Different Stepping Directions.

A. Normalized EMG traces begin at the onset of foot contact. Vertical axes are

constant across the three directions for each muscle. Thin lines represent averaged EMG

signals from forward stepping and thick lines represent other directions of stepping.

Dotted lines represent ±  1 standard error. The amplitude of the hamstrings during swing

was significantly different between forward and backward stepping (p <  0.005, indicated

by the thick bar from bin 4 through 9). Quadriceps, TA, and G-S muscles show similar

activation patterns with little difference in timing and only slight (non-significant)

differences in amplitude. B. shows forward vs. sideways (leading leg) EMG patterns and

C. shows forward vs. sideways (trailing leg) EMG patterns. Only quadriceps activity

during late stance is significantly different between forward and the trailing leg of

sideways stepping (p < 0.005, indicated by the thick bar from bin 3 through 5).

Abbreviations: TA, tibialis anterior; GS, gastrocnemius-soleus; Quad, quadriceps; Hams,

hamstrings; Fwd, forward stepping; Bwd, backward stepping.
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also seen in adult walking, where the quadriceps take over more of the propulsive role 

normally assumed by the plantarflexors (Winter et al. 1989).

2.3 .4  Transitions

In some trials, attempts were made to gradually turn the infant continuously from a 

forward to sideways to backward orientation during a sequence of stepping (stepping 

through a 180° path). This was attempted in 14 infants ranging in age from 2 to 11 months 

old. O f the infants tested, 8 were able to step from the forward through sideways to the 

backward direction. O f these 8 infants, however, only 2 were able to make the transition 

through 180° in a smooth and continuous manner. The 6 other infants did show stepping in 

the transition directions, but were not considered to have made smooth transitions. 

Typically, their legs collided with each other during the transition directions, causing a 

disruption in their stepping. The forward to sideways transition appears to be more easily 

elicited than the transition into backward stepping as 11 of the 14 infants were able to step 

continuously from forward to sideways. In 2 of the 14 infants, smooth transitions were not 

made into any direction. In these infants, stepping to criteria was not elicited during the 

transition from one direction to another. In 4 other infants, only the forward to sideways 

transition was attempted. All 4 of these infants were successful in this attempt. Transitions 

were always attempted in the forward-sideways-backward order except in one infant where 

the order was reversed. Figure 2.8 shows the progressive decrease in stance phase duration 

in an infant who was able to make a smooth transition from forward to sideways to 

backward stepping. Figure 2.9 illustrates some examples of rectified and filtered EMG 

signals of single steps in the different directions. Generally, there was a gradual decrease in
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Figure 2.8. Transitions between Different Directions: Temporal Patterns during 
Stepping.

Average duration of stance phase (with standard deviation) expressed as a 

proportion of cycle duration for each direction in a 6-month old infant who was able to 

make a continuous change in direction while stepping on the treadmill. There is a trend 

of a progressive decrease in the proportion of the cycle duration devoted to stance phase 

as stepping proceeds from the forward to sideways to backward direction.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Average Stance Duration 
(normalized to step cycle)

Backwards

Transition

Sideways

h Transition

Forwards

0.0 0.5 1.0

Proportion of Step Cycle

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.9. Transitions between Different Directions: Muscle Activation Patterns during 
Stepping.

Rectified and filtered EMG signals from two infants. A. illustrates TA  muscle 

activity from a 10-month old infant. Sideways stepping was recorded from the trailing leg.

B. illustrates GS activity from a 6-month old infant. Sideways stepping was recorded from 

the leading leg. For each muscle, the three main directions plus the transition direction 

are shown. Abbreviations: F-S, forward to sideways; S-B, sideways to backward. EMG 

signals are illustrated in real time and units are in microvolts.
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cycle duration as stepping proceeds from the forward to sideways and finally to the 

backward direction. Both the TA and GS muscles showed a striking conservation of motor 

patterns across all directions of stepping (Fig. 2.9). Note that in this example, TA activity in 

this particular infant during forward stepping tended to be higher than other directions of 

stepping (cf. Fig. 2.7). Hamstrings and quadriceps EMG records are not illustrated because 

their EMG signals tended to be smaller and therefore less clear without averaging.

2.4 Discussion
The data show that infants are able to step in different directions at all ages tested 

and adapt their stepping to changes in speed in the same way regardless of the direction of 

stepping. Furthermore, infants can make transitions between the different directions of 

stepping in a continuous way. We argue that these findings are consistent with the idea that 

the same pattern generators for locomotion can produce different directions of stepping.

2 .4 .1  Methodological Considerations

There were a number (15) of young infants (4 months old and under) that were

classified as “failures” for backward stepping. Nine out of 15 of these infants demonstrated

alternating stepping movements when presented with a treadmill belt moving backward

under their feet, but failed our criteria because of inadequate hip extension. Three other

infants stepped backward very well with one leg while holding the other leg stiff, again

failing our definition of stepping. In the final three infants, who were the youngest of the

infants tested (aged 2 to 3 months), no backward stepping response was elicited at all. Our

criteria for backward stepping were set arbitrarily, however, and may have been too

stringent for young infants. The fact that 80% (12 out of 15) of these failures produced
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some form of stepping suggests that stepping can be produced by backward movement of 

the treadmill belt in the majority of infants.

EMG recordings from infants are always more likely to contain cross-talk between 

muscles, because of the small stature of infants. This issue is discussed at length in an earlier 

paper (Yang et al. 1998a) and a method was reported to estimate the degree of overlap in 

activity between flexors and extensors. Using the same methods, we established that the 

overlap between antagonistic muscles in this study was approximately the same. However, 

the presence of reciprocal activation of antagonist muscles demonstrates that the cross-talk, 

although present, is present only in a limited way (see Fig. 2.7, TA  vs. GS, Quad vs. Hams). 

Furthermore, the comparison of patterns between muscle groups is not integral to our 

central thesis. Our focus is on how a particular muscle performs in different tasks. Thus, the 

effect of a small amount of cross-talk between muscles should not greatly compromise this 

comparison.

2.4.2 The Response to Speed is Similar for the Different Directions o f Stepping

The response to speed change was similar for all directions of stepping tested. The

similarity in the response to this type of external perturbation argues for the presence of a

common locomotor network mediating stepping in different directions. Changes in cycle

duration in response to speed changes were accomplished primarily by changing the stance

duration, regardless of the direction of stepping. In a number of infants, we attempted to

elicit continuous stepping through 180° and we observed changes of a continuous nature as

stepping proceeded through the different directions. For instance, there was a progressive

decrease in cycle duration as stepping proceeded from forward to sideways to backward at a
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given speed. Concomitant with this was the steady decrease in the proportion of cycle 

duration devoted to the stance duration.

In addition, the slopes of the regression lines describing the relationship between the 

phases of the cycle (stance and swing) and cycle duration were not statistically different 

between the different directions. The only difference seen was in the trailing leg of sideways 

stepping. However, this difference may be due to the style of sideways stepping. Most 

infants stepped sideways without crossing one leg over the other. This non-crossing pattern 

of stepping resulted in the trailing leg frequently colliding with the leading leg at the end of 

swing (e.g. Fig. 2.2B). The collision artificially prolonged the swing phase, producing the 

relationship seen. If we discount the results from the trailing leg because of the mechanical 

artifact, the remaining relationships (Fig. 2.4A-C) are remarkably similar.

2.4.3 Muscle Activation Patterns in Different Directions o f Stepping

The similarity in EMG patterns between different directions of stepping was not

predicted by early hypotheses on how a locomotor CPG could mediate different forms of

stepping. Grillner (1981) originally theorized that the locomotor CPG was organized such

that the switch from forward to backward walking would be achieved by a switch in

coupling between the hip and knee joint muscles. However, subsequent findings in intact

cats and adult humans have not been consistent with this theory (Thorstensson 1986;

Winter et al. 1989; Buford and Smith 1990; Grasso et al. 1998). In intact cats, basic muscle

synergies are similar for forward and backward walking (Buford and Smith 1990). Generally,

single-joint flexors were active during swing and single-joint extensors were active during

stance. While the motor patterns of single-joint muscles were well conserved, the changes
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in the pattern of bifunctional muscles with different forms of cat locomotion are more 

complex. Similarly, in infants, we found that the flexor muscles are generally active during 

swing and the extensor muscles are generally active during stance for all directions of 

stepping along a 180° path. The exception was the switch in the activity pattern of the 

hamstrings muscles in backward stepping compared to the other directions of stepping. This 

type of switch has been reported in detail in many other bifunctional muscles in the cat 

(Pratt et al. 1996). Pratt et al. (1996) suggested that the differences seen between forward 

and backward walking in bifunctional muscle patterns are due to the greater complexity of 

their function and presumably the greater complexity in their inputs from central and 

peripheral sources. They propose that the greater number of output options available to 

multi-joint muscles allow for a better ability to meet the mechanical demands of the task. 

Unfortunately, we cannot differentiate the specific functions of bifunctional muscles using 

surface EMG recordings from human infants because of the small dimensions of the infants’ 

legs.

The EMG patterns were statistically different for a small number of comparisons. 

Many trends were noted, however, which could be physiologically important. For example, 

the extensors from the trailing leg were consistently lower than forward stepping, while the 

flexors from the leading leg were consistently higher. This suggests that the role played by 

the leading and trailing legs were asymmetric compared to forward stepping. In forward and 

backward stepping, the hamstring muscle clearly plays a different role (as discussed above), 

but the ankle plantarflexors and knee extensors might also have slightly different roles to 

play. For example, the push-off burst in the plantarflexors is absent, and the quadriceps 

activity is more prolonged in the stance phase during backward stepping.
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W hatever the differences in the EMG patterns, they do not affect our main 

conclusion, that the different directions of infant stepping are likely produced by similar 

circuitry. There is ample evidence that the same circuitry can produce radically different 

movement patterns in other animals (e.g. Marder and Calabrese 1996; Stein et al. 1998). It 

is curious that the EMG patterns from infants stepping in different directions are so similar. 

This is in contrast to some of the results from adults and from other animals (e.g. 

Thorstensson 1986; Buford and Smith 1990; Trank et al. 1996; Grasso et al. 1998). It is 

possible that many of the differences seen in other animals and adult humans are related to 

the change in the role of the muscles to produce propulsion and postural adjustments for 

the different directions of walking. These infants are held over a treadmill, so that the need 

for propulsion and postural control are much reduced. These mechanical factors could 

account in part for the differences observed between infants compared to adult humans and 

cats.

2.4-4 Backward and Forward W alking are Different between Infants and Adults

The existing literature on forward and backward walking in higher vertebrates has

been focused on intact preparations (i.e. adult humans and cats) (Thorstensson 1986;

W inter et al. 1989; Grasso et al. 1998). The changes in EMG pattern that occur with

change in direction in adult human walking are quite irregular (Grasso et al. 1998). Indeed,

findings are also variable between the laboratories which have examined motor patterns in

adult forward and backward walking (cf. Thorstensson 1986; Winter et al. 1989; Grasso et

al. 1998). However, there are other factors likely influencing locomotor output that need to

be taken into account when considering backward and forward walking in adult humans

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and intact cats. Buford et al. (1990) and Buford and Smith (1990) emphasize the postural 

adaptations that are required for backward walking in cats. The key role of posture in 

regulating motor patterns during cat locomotion is also highlighted in studies of crouched 

walking and slope walking (Trank et al. 1996; Carlson-Kuhta 1998; Smith et al. 1998a). In 

adult humans, Grasso et al. (1998) argue that rather than having a strict regulation of EMG 

patterns, locomotion is more highly controlled via limb segment motion. If the movement 

trajectory of backward walking is reversed in time, it is very similar to that of forward 

walking (Thorstensson 1986; Winter et al. 1989; Grasso et al. 1998). In their scheme, 

Grasso et al. (1998) propose that the control of muscle activity is secondary to the 

attainment of the behavioural goals of the nervous system. Thus, in intact cats and adult 

humans, it appears that the regulation of backward walking is governed by other factors 

such as postural control or limb joint motion while the regulation of muscle activity 

patterns occurs secondarily to the execution of these functions.

The infants we studied, all under 12 months of age, likely have minimal cerebral 

influence directing their motor output (Koh and Eyre 1988; Muller et al. 1991). In 

addition, the infants were supported while stepping on the treadmill, and presumably 

factors such as equilibrium did not influence their stepping. Compared to adults, the EMG 

in infant stepping is less variable between subjects and between different directions (Fig. 

2.7). This is quite different from the inter-subject (Grasso et al. 1998) and inter'laboratory 

variability in EMG patterns between backward and forward walking in adults (cf. 

Thorstensson 1986; W inter et al. 1989; Grasso et al. 1998). O n  the other hand, limb joint 

motion in adult humans is very similar between backward and forward walking while it is 

quite different in infants. Why were the kinematics different (between forward and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



backward stepping) while the EMGs similar? The kinematic differences were seen mostly at 

the hip and knee. First, there are some apparent differences in the EMGs of the GS and 

QUAD, even though statistically, they were not different. Second, we were recording the 

gross activity of 4 large muscle groups only. The differences seen in the hamstrings likely 

produced some of the large differences seen at the knee. W e have not recorded from any of 

the single joint hip muscles (because of technical difficulties), which are likely to have a 

very important role in the limb movement particularly during swing phase. Together, we 

feel these factors could account for the kinematic differences seen. Since motor cortical 

function is immature in infants, the precise regulation of limb joint motion in adults in 

contrast to that in infant stepping suggests that the control of kinematic variables seen in 

adults originate from higher brain centres.

2.4.5 Conclusions

We feel that the present data is consistent with the idea that a common locomotor 

CPG controls stepping in all different directions in infants. W e cannot exclude the 

possibility that a separate CPG exists for each direction of stepping. While a separate CPG 

may exist for forward and backward walking and conceivably even a third CPG for sideways 

walking, it seems quite unlikely that separate locomotor CPGs exist for all possible 

directions of walking (theoretically an infinite number of directions). There was little that 

made one direction of stepping stand out from the others. There was a similarity in the 

response to changes in treadmill speed, regardless of the direction of stepping. Furthermore, 

there were no discrete changes in either EMG phasing patterns or the temporal parameters 

of stepping as the direction of stepping was gradually changed. While the data presented
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here cannot directly reveal the nature of the neural circuits involved, they are compatible 

with the idea that a common central pattern generator could govern locomotion in 

different directions.
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3.1 Introduction
The importance of proprioceptive afferent feedback during locomotion is well 

established (reviewed in Rossignol 1996; Duysens et al. 2000). This has been demonstrated 

most clearly for the extensor system in a variety of preparations where length- and load- 

sensitive afferent signals from the legs have been found to be key for the control of extensor 

activity and the transition to the swing phase (reviewed in Orlovsky et al. 1999). In 

decerebrate walking cats, it has been found that extensor burst duration is regulated by 

load-sensitive afferents from extensor muscles (Duysens and Pearson 1980; Whelan et al. 

1995) and by stretch-sensitive afferents from flexor muscles (Hiebert et al. 1996). Extensor 

burst amplitude is controlled largely by feedback from length- and force-sensitive afferents 

in the extensor muscles (see Pearson 1995 for review).

Investigations on the modulation of the swing phase by muscle afferents have so far 

been limited. Much of the literature regarding peripheral afferent modulation of the swing 

phase has focused on the role of cutaneous afferents (reviewed in Rossignol 1996). Few 

reports have presented evidence that proprioceptive inputs from non-cutaneous sources 

influence the swing phase. Orlovskii and Shik (1965) put forth this concept in their study of 

the response to elbow braking during treadmill locomotion in dogs. Despite an applied 

braking force during swing, the forelimb was able to rapidly compensate and resume forward 

advancement with the speed and inter-joint coordination as during undisturbed stepping. 

There was a 30 ms delay from the time of braking to the time that a correction was 

observed. This short delay suggested that the mechanism used to stabilize limb trajectory 

during swing is realized at relatively low levels of the nervous system (Orlovskii and Shik
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1965). Thus, they contended that segmental mechanisms exist which serve to ensure a 

relatively standard swing phase in order for safe paw placement and support to occur.

Involvement of flexor muscle afferents during the swing phase is also indicated from 

results of experiments using decerebrate cat treadmill locomotion and fictive locomotion 

(Perreault et al. 1995; Hiebert et al. 1996; McCrea et al. 2000; Quevedo et al. 2000). 

Perreault et al. (1995) have reported that stimulation of afferents from sartorius, tibialis 

anterior (TA), and semitendinosus muscles at group I strength during flexion can prolong 

the flexor phase during fictive locomotion while stimulation at group II strength during 

flexion consistently terminated flexion and reset the rhythm to extension. Recently, 

however, McCrea et al. (2000) reported that afferents from iliopsoas and sartorius muscles 

stimulated at both group I and II strengths can prolong and enhance ongoing flexion. 

Existence of a group I disynaptic excitatory pathway to flexor motoneurons has also recently 

been demonstrated during fictive locomotion (Degtyarenko et al. 1998; Quevedo et al. 

2000). During decerebrate treadmill stepping, stimulation of the nerve to the extensor 

digitorum longus (EDL) muscle at both group I and II strengths can increase the duration 

of flexion (Hiebert et al. 1996). TA  stimulation at group II strength can also prolong flexor 

activity (Hiebert et al. 1996). Thus, previous results from fictive and decerebrate cat 

locomotion have demonstrated an influence from flexor muscle afferents onto the 

locomotor central pattern generator (CPG) and thus indicate a role for these afferents in 

modulating the swing phase.

The purpose of this study was to determine whether afferent feedback from hip 

flexor muscles is involved in the modulation of flexor activity in walking decerebrate cats. 

Using natural stimuli to perturb flexor muscle contractions, we show that modifying the
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feedback from hip flexor muscles, particularly the sartorius muscles, can have a powerful 

influence on the amplitude and duration of flexor burst activity. Preliminary results from 

this study have been published in abstract form (Lamb and Pearson 2000).

3.2 Methods
The data presented in this paper were obtained from experiments on 16 adult cats 

of both sexes. All procedures were approved by the University of Alberta Health Sciences 

Animal Welfare Committee.

3.2.1 Preparation

Animals were initially anesthetized with halothane. The trachea was then 

cannulated for the continuous administration of the anesthetic. One carotid artery was 

ligated and the other cannulated for monitoring the blood pressure. One jugular vein was 

cannulated for the administration of drugs. Intramuscular fine-wire recording electrodes 

(Cooner Wire AS632, Cooner Wire Company, Chatsworth, CA) were sewn into the 

following muscles of the left hindlimb: iliopsoas (IP), anterior head of sartorius (SartA), 

medial head of sartorius (SartM), and medial gastrocnemius (MG). Electrodes were also 

sewn into the IP and MG muscles on the right side. Electrode leads were threaded under 

the skin to a connector located externally on the animal’s back. To eliminate cutaneous 

input and afferent input from other muscles, the following nerves were cut: the two 

branches of the sural, saphenous, distal tibial, femoral (distal to the sartorius nerve) and 

either the deep and superficial peroneal (distal to its branch to the tibialis anterior muscle) 

or the common peroneal nerve. In 1 animal, the cranial and caudal gluteal nerves were also
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cut. The hamstrings nerve was cut in 5 animals and the obturator nerve was cut in 4 

animals.

The nerves to the SartA and SartM muscles were identified and looped off with a 

thread (n =  8 animals). This enabled us to examine the specific role of the sartorius 

muscles during swing by blocking conduction in their nerves when the looped thread was 

tied off and pulled. Interruption of the nerve supply to the sartorius muscles was confirmed 

by the elimination of sartorius electromyographic (EMG) signals. In a number of animals (n 

=  15), a hole was drilled into the tibia about 6 cm above the ankle joint and a screw 

inserted. The screw served as the distal anchor for the blocking device (described below).

After these procedures, the animal was placed over a motorized treadmill and fixed 

in a stereotaxic frame. The animal was then decerebrated by transecting the brainstem at a 

50° angle from the anterior edge of the superior colliculus. The anesthesia was discontinued 

at this time. W ithin an hour, spontaneous stepping usually occurred in response to the 

moving treadmill belt. The speed of the treadmill was set between 0.3 and 0.4 m/s. Manual 

stimulation to the perineum was sometimes used to evoke stepping. W hen spontaneous 

treadmill locomotion could not be consistently evoked, electrical stimulation of the 

mesencephalic locomotor region (MLR) was used (n =  8 animals). Typical stimulus 

parameters were 15 Hz, 0.5 ms pulses, 100-200 pA. Generally, locomotion generated by 

MLR stimulation shares many characteristics of locomotion in intact animals (Shik et al.

1966). We did not observe any overall qualitative differences between the locomotor 

pattern of spontaneously and MLR-evoked walking animals. Thus, the data were combined 

and presented as a group.
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Perturbations to swing of the left leg were applied in one of two ways: manual 

resistance or assistance (Fig. 3.1 A) or blocking hip flexion (Fig. 3.IB). Resistance was 

applied manually by the experimenter holding the ankle during the swing phase and 

applying a force opposing the swinging limb. Assistance was applied in the same way except 

the limb was pushed forward during swing. During the manual perturbation trials, the 

experimenter maintained light hold of the ankle to avoid interfering with normal stepping 

sequences but at the same time prepared to administer a perturbation. Manual 

perturbations during swing were applied rhythmically and synchronized with the naturally 

occurring flexor burst activity. The manual perturbations lasted for less than or more than 

the normal swing duration during assistance and resistance, respectively, as estimated by 

the experimenter holding the limb. In order to ensure that excessive force was not used to 

manually perturb the limb, we videotaped an experimental session in one animal with 

markers on the trunk, hip, and knee joints. Joint angles were measured using these markers 

and we found that the excursion of the hip joint did not differ greatly between the different 

conditions, based on data from 20 randomly chosen steps in each condition. During 

undisturbed stepping, the movement of the hip joint ranged from an extended position of 

-7.3 ± 3.4°(mean ± SD) to a flexed position of 30.0 ± 1.9°. During manual assistance, the 

range was from -4.2 ± 3.3° to 35.5 ± 2.5°. During manual resistance, the position of the hip 

tended toward extension, from -15.2 ± 2.0° to 14.2 ± 5.1°. In this animal, the manual 

assistance perturbations that were applied were approximately from 50 to 150 ms less than 

the normal swing duration. The manual resistance perturbations were approximately 100 to 

150 ms more than the normal swing duration.
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Figure 3.1. Illustrations o f the Experimental Preparation used to Apply Perturbations 
during the Swing Phase.

A. Manual resistance or assistance to swing. B. Blocking device used to apply 

resistance to the swinging limb. C. Schematic diagram of the hip flexor muscles examined 

in this study.
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The use of the blocking device (Fig. 3. IB) allowed better timing of the resistance to 

swing. This device allowed leg extension but firmly prevented full flexion at the hip. The 

device’s position could be adjusted such that hip flexion could be blocked at various times 

during the swing phase. A force transducer coupled with the device allowed measurement 

of the time of the onset of the block.

3.2.2 Data Analysis

The analog data (raw EMG signals and force transducer signal) were recorded on 

tape using a Vetter 4000A PCM machine. A hard copy of the data was printed out using a 

Gould TA11 chart recorder from which sequences of regular consistent stepping were 

identified (usually 10 to 20 steps). The EMG analog data were filtered with a band-pass 

filter (high pass 10 Hz, low pass 30 Hz) and full-wave rectified. The force signal was filtered 

at a low-pass frequency of 30 Hz. Each EMG channel and the force signal were then 

digitized at a sampling rate of 500 Hz and stored on computer using a data acquisition 

system (Axotape 2.0.2, Axon Instruments). Custom written computer software programs 

were used to average and plot the digitized EMG traces, measure burst amplitude, and 

measure burst duration and cycle period. The amplitude of the EMG signal was calculated 

as the average amplitude over the whole duration of each burst for each muscle. Cycle 

duration was defined as the time from the onset of an IP burst to the next IP burst. Average 

burst durations and flexor burst amplitudes were calculated for undisturbed and perturbed 

trials from stepping sequences from each animal. Any response in the EMG burst duration 

or amplitude to the perturbations was expressed as a percentage of the average duration or 

amplitude of a previous sequence of undisturbed stepping. Descriptions in the text of “burst
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activity” refer to both amplitude and duration. The onset of blocking hip flexion was 

measured as the interval between the onset of the IP burst and the onset of force indicated 

by the force transducer signal. Student’s t-tests were used to determine significant 

differences and the level of significance was set at 0.05.

3.3 Results

3.3.1 Sensory Input from Hip Flexor Muscles Influences Flexor Burst Activity

In this study, we present data demonstrating that sensory input from hip flexor

muscles during the swing phase can modify the amplitude and duration of burst activity in

flexor muscles. The flexor muscles we focused on were the iliopsoas and the two heads of

sartorius (Fig. 3.1C). All effects were obtained from the partially denervated hindlimbs of

decerebrate cats during treadmill locomotion. The denervation eliminated cutaneous input

as well as afferent input from most other muscles in the hindlimb.

Manual assistance to hip flexion was applied to advance hip flexion during

decerebrate walking (n =  7). Data from a representative animal is shown in figure 3.2.

Figure 3.2A shows a sequence of continuous stepping during which manual assistance was

applied (denoted by asterisks) followed by undisturbed, control stepping. Once manual

assistance was discontinued, flexor burst activity returned to control. In addition,

contralateral stepping remained consistent throughout the disturbances and afterwards.

Averaged flexor bursts are shown in figure 3.2B (averages were taken from the same

sequence of steps that is partially shown in the example in fig. 3.2A). The major effect was

the decrease in flexor burst duration when manual assistance to hip flexion was applied.
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Figure 3.2. Effect o f Manual Assistance during Swing.

A. Rectified and filtered EMG records illustrate the reduction in ipsilateral hip

flexor activity due to manual assistance (indicated by *). B. Averaged EMG records for

the hip flexor muscles from the same stepping sequence which is partially shown in A.

Thick trace, manually assisted steps. Thin trace, undisturbed stepping. Abbreviations: IP,

iliopsoas; SartA, sartorius (anterior head); SartM, sartorius (medial head); MG, medial

gastrocnemius; coIP, contralateral iliopsoas; coMG, contralateral medial gastrocnemius.
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W hen manual resistance was applied to prevent hip flexion during decerebrate 

walking (n =  7), a significant increase in flexor burst activity was observed. A 

representative example of the response to manual resistance to hip flexion from a single cat 

is illustrated in figure 3.3 (same animal as in Fig. 3.2). The response to manual resistance 

was opposite of that observed during manual assistance. Figure 3.3A shows a sequence of 

undisturbed stepping followed by a bout of stepping during which manual resistance was 

applied. The increase in activity in the flexor bursts was apparent as soon as the manual 

resistance was applied (denoted by asterisks). In figure 3.3B, averaged flexor bursts are 

illustrated (averages were taken from the same sequence of steps that is partially shown in 

the example in fig. 3.3A). In this example, there was an increase in duration in all muscles 

and an increase in IP burst amplitude during manual resistance.

In figure 3.4A, the average decrease in the duration of the flexor bursts in response 

to manual assistance for each of the 7 animals is illustrated. To eliminate the possibility that 

reciprocal inhibition from the hip extensor muscles could account for the effects seen 

during manual assistance, the hamstrings muscles were denervated in 2 cats (JE and M6, 

indicated by asterisk). In 1 cat (MI, indicated by double asterisks), both the hamstrings and 

the gluteal nerves were cut. No difference in the response to manual assistance to hip 

flexion was seen between the animals with the hip extensors denervated and those with 

them intact (p >  0.10). Figure 3.4B illustrates the average increase in the duration of the 

flexor bursts in response to manual resistance.

An obvious limitation to the manual perturbations is the inability to precisely 

regulate the timing and amplitude of the resisting or assisting movement. To address this 

issue, we devised a mechanical blocking device (illustrated in Fig. 3 .IB). This allowed us to
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Figure 3.3. Effect o f Manual Resistance during Swing.

A. Rectified and filtered EMG records illustrate the increase in ipsilateral hip

flexor activity due to manual resistance (indicated by *). B. Averaged EMG record for hip

flexor muscles from the same stepping sequence which is partially shown in A. Thick

trace, manually resisted steps. Thin trace, undisturbed stepping. Abbreviations are the

same as in previous figures.
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Figure 3.4. Group D ata for the Response to M anual Perturbations.

A. Percent reduction in flexor burst duration for each cat in response to manual

assistance. The hamstrings nerve was cut in “JE” and “M6” (denoted by *) and the gluteal

nerves were cut in “MI” (denoted by **). Their response to manual assistance was similar

to that observed in other cats. Thus, reciprocal inhibition due to rapid stretch of the hip

extensors likely does not have a major role in this response. B. Percent increases in flexor

burst duration for each cat due to manual resistance.
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block hip flexion at different times during the swing phase. Data from 13 animals were 

collected while blocking hip flexion in this way.

Similar to the effects of manual resistance, blocking hip flexion resulted in an 

increase in duration and amplitude of the flexor bursts. A n example of the response to the 

mechanical blocking device is shown in figure 3.5. In figure 3.5A, the response to blocking 

hip flexion is illustrated in rectified and filtered EMG records of adjacent stepping 

sequences, during which flexion was blocked in the first sequence, followed by a sequence 

of undisturbed stepping. The increase in the duration of the flexor bursts as well as an 

accompanying decrease in MG burst duration is apparent. Figure 3.5B illustrates averaged 

flexor bursts from the same stepping sequence shown in figure 3.5A. During this sequence, 

the onset of the force occurred 190 ms after the onset of the IP burst (denoted by black 

arrows). There was a short burst of activity, presumably a short-latency reflex response, 

occurring after the onset of the block. Following this, there was a general increase in both 

flexor burst duration and amplitude (shaded area). There was also a general trend for a 

relationship between the onset time of blocking flexion and the degree of increase in flexor 

burst duration (Fig. 3.5C). In other words, the largest increase in flexor burst duration 

tended to occur when blocking of the limb occurred earlier in the flexor phase of 

locomotion. The duration of the MG bursts also tended to be lower when hip flexion was 

blocked compared to undisturbed stepping. The increase in flexor burst amplitude was not 

related to the time of onset of the block (Fig. 3.5D). Each point in the scatterplots in figures 

5C and D represent the mean change in flexor burst duration or amplitude (compared to 

control) of a sequence of stepping during which hip flexion was blocked at a given time.
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Figure 3 .5 . Effect o f Blocking Hip Flexion during Swing.

A. Rectified and filtered EMG records and force trace indicating the onset of force

perturbation during each step cycle. B. Averaged EMG records from hip flexor muscles 

from the same cat shown in A. Thick trace, blocked steps. Thin trace, undisturbed 

stepping. Abbreviations are the same as in previous figures. Arrow indicates the onset of 

blocking hip flexion. Blocking hip flexion causes an increase in both amplitude and 

duration of flexor bursts (shaded area). C. Percent change in burst duration and 

amplitude plotted as a function of the onset of blocking hip flexion. The percent increase 

in hip flexor burst duration had a trend of decreasing as the onset of blocking hip flexion 

occurred later in the swing phase. MG burst duration also tended to be lower when hip 

flexion was blocked. There was no trend observed in the change in flexor burst amplitude 

with the timing of blocking hip flexion.
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3.3.2 A ffevents from the Sartorius Muscles are Particularly Important for Flexor Burst 
Modulation

In order to differentiate the roles of the hip flexor muscles, we performed a series of 

experiments where either the IP muscle was detached from its insertion or conduction was 

blocked in the nerves to the SartA and SartM muscles. Unfortunately, due to technical 

constraints, the IP muscle had to be detached from its insertion before treadmill locomotion 

could be elicited. Thus, in these experiments, the animal could not serve as its own control 

for examining the effect of IP tenotomy.

In 5 experiments, we detached the IP tendon from its distal attachment, effectively 

leaving the SartA and SartM muscles as the major hip flexor muscles. In these animals, we 

observed an increase in flexor burst duration and amplitude when hip flexion was blocked 

despite the inability of the IP muscle to provide any sensory input. Figure 3.6A illustrates 

averaged filtered and rectified EMG records comparing blocked with undisturbed stepping 

in a cat with IP tenotomy. In this example, blocking of flexion occurred 132 ms after the 

onset of the IP burst (denoted by black arrows). In figures 3.6B and C, we present grouped 

data from 3 animals with IP tenotomy (shaded bars) compared with 6 animals without IP 

tenotomy (white bars) where hip flexion was blocked between 50 and 150 ms after the 

onset of the IP burst. Even with the IP detached, the response to blocking flexion appeared 

largely unaffected. The percent changes in flexor and MG burst duration in animals with IP 

tenotomy was not statistically significant from those seen in cats with the IP intact (p > 

0.10) (Fig. 3.6B). Similarly, the percent increases in flexor burst amplitudes when the IP 

was detached were also comparable to those seen in cats with the IP intact (p > 0 .10) (Fig. 

3.6C).
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Figure 3.6. Effect o f IP Tenotomy on the Response to Bbcking Hip Flexion.

A. Averaged EMG records of hip flexors from one cat with the ipsilateral IP

muscle detached from its insertion. Arrows indicate the onset of blocking hip flexion. B

and C. Summary of the mean change in IP, SartA, SartM, and MG burst duration (B)

and IP, SartA, and SartM amplitudes (C). Error bars indicate standard error. W hite bars

represent grouped data from cats without IP tenotomy. Grey bars represent grouped data

from cats with IP tenotomy. Only the responses to blocking hip flexion that occurred

between 50 and 150 ms after the onset of the IP burst are included.
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To further investigate the possible role of muscle afferents from the IP muscle, the 

tendon of the muscle was detached with a part of its bony insertion intact in 2 animals. The 

muscle was then tied to a muscle puller (Hiebert et al. 1996). The IP muscle afferents were 

activated by a stretch via the muscle puller of 5 - 9 mm, 50 ms rise time, and 300 - 500 ms 

duration. Figure 3.7A illustrates an example of a bout of stepping during which the IP was 

stretched during flexion (5 mm, 500 ms duration). Averaged data, taken from the same 

animal whose locomotor activity is partially shown in figure 3.7A, is shown in figure 3.7B (n 

=  100 steps). The average increase in IP burst duration was 7.3 ± 16.6%. SartA burst 

duration increased by 6.4 ± 16.0% and SartM burst duration increased by 7.4 ± 14.8%. The 

average increase in IP burst amplitude was 6.1 ± 18.2%. SartA burst amplitude changed by 

-2.7 ± 14-4% and SartM burst amplitude increased by 3.2 ± 12.6%. The response to stretch 

of the IP muscle was variable and subde with a large range of responses and small changes 

in duration or amplitude, consistent with the finding that IP tenotomy had no effect on the 

response to blocking hip flexion (Fig. 3.6).

Since IP tenotomy had little effect on the response to blocking flexion and the 

response to stretch of the isolated IP muscle was negligible, we turned our attention to 

examining the role of proprioceptive feedback from the sartorius muscles during the swing 

phase. In one experiment, the SartA and SartM muscles were cut near their distal 

attachments, leaving the IP as the sole major hip flexor. In this animal, we noticed that the 

response to blocking forward swing was diminished to those observed in other cats whose 

SartA and SartM muscles were intact. In subsequent experiments (n =  8), we looped a 

thread around the SartA and SartM nerves. Following a period of baseline stepping, we tied
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Figure 3.7. Response to IP Stretch during Walking.

A. Rectified and filtered EMG records from ipsilateral hip flexors and ankle

extensor muscles. Abbreviations are the same as in previous figures. Bottom trace

illustrates IP stretch (5 mm, 500 ms duration). B and C. The percent change in IP, SartA,

and SartM burst duration (B) and amplitude (C) in response to pulling the IP was small

and variable.
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off and pulled on this thread to block conduction in the nerves. W e determined that 

conduction was successfully blocked by the loss of sartorius EMG activity. In 5 animals, we 

were able to record responses to blocking hip flexion both before and after conduction 

block in the SartA and SartM nerves. Figure 3.8A illustrates an example of a sequence of 

stepping during which flexion was blocked in 1 of these animals. Note also the decrease in 

the level of activity in the IP muscle after conduction block in the sartorius nerves (Fig. 

3.8A). Figure 3.8B(i) shows the characteristic response to blocking flexion in the IP muscle 

before conduction in the sartorius nerves was blocked (shaded area). Averaged IP EMG 

records from the same cat are shown in figure 3.8B(ii) after conduction in the sartorius 

nerves was blocked. As illustrated, the response to blocking the limb during flexion was 

diminished (shaded area). Figure 3.8C shows data from 5 animals demonstrating the 

general diminished response to blocking. Each point in the scatterplot represents the 

average IP burst duration and amplitude from a stepping sequence (n =  5 animals, mean ± 

SE in parentheses). There was a significantly smaller overall response in IP burst duration 

and amplitude to blocking swing after conduction block in the sartorius nerves (p < 0.01).

3.3.3 The Influence o f Contralateral Limb Activity on Ipsilateral Flexor Burst Activity

Although we were able to obtain a prolongation of the hip flexor burst when the

swinging limb was blocked, we sought to find out what was limiting this prolongation. We

reasoned that inhibitory coupling between the flexor generating system in the two limbs

would limit the extent to which the flexor bursts could be prolonged (Lundberg 1981). If

this is true, then flexor activity in the two hindlimbs should not be observed at the same

time. We quantified this idea by comparing the duration of the ipsilateral IP burst with the
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Figure 3.8. Effect of  Blocking Conduction in the Sartorius Nerves on the Response to 
Blocking Hip Flexion.

A. Rectified and filtered EMG records from ipsilateral hip flexor muscles. 

Abbreviations are the same as in previous figures. Note the diminished effect of blocking 

flexion after the sartorius nerves were pulled. B. i) Averaged EMG traces of the IP muscle 

with sartorius nerves intact. Thick trace represents blocked steps and thin trace 

represents undisturbed steps, ii) Averaged EMG traces of the IP muscle with conduction 

blocked in the sartorius nerves. Thick trace represents blocked steps and thin trace 

represents undisturbed steps. C. Scatterplots comparing the response to blocking the limb 

before (open squares) and after (filled squares) conduction in sartorius nerves was 

blocked. Numbers in parentheses represent the mean ± standard error of the percent 

change in burst duration and amplitude across all animals. The percent change in IP burst 

duration and amplitude was lower after conduction in the sartorius nerves was blocked 

compared to control (p < 0.01).
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interval between the onset of ipsilateral IP activity and the onset of contralateral IP activity. 

These values are indicated as Y and X, respectively, in figure 3.9A. If the flexor half-centres 

are mutually inhibitory, then the values of X and Y should be correlated. Y should not be 

much greater than X although the reverse is possible: the duration of the ipsilateral IP burst 

(Y) can be much shorter than the interval to the onset to the next contralateral IP burst 

(X). To test this idea, we attempted to lengthen the interval X by delaying the onset of the 

burst in the contralateral hip flexors by briefly stopping the treadmill during mid-stance of 

the contralateral limb (Fig. 3.9A). W hen this was done, the duration of the ipsilateral IP 

burst was prolonged for the duration of the delay to the onset of the contralateral flexor 

burst in 21% of the trials (Fig. 3.9B, Undisturbed, black bar). In the remainder of the trials, 

we observed either a cessation of the locomotor rhythm or a continuation of ipsilateral 

stepping with no change to the duration of the IP bursts (represented by grey bars in Fig. 

3.9B).

The combination of blocking hip flexion and delaying the onset of contralateral 

swing resulted in prolongation of ipsilateral IP burst activity in 82% of the trials (Fig. 3.9B, 

Block Flexion, black and white bars). In 57% of these trials (black bar), the duration of the 

IP burst was extended for the duration of the delay to the onset of the contralateral flexor 

burst. In the remaining 43% of these trials (white bar), the duration of the IP burst was, on 

average, prolonged by 63% (and at least by 12%) compared to the preceding IP burst (white 

bar) but terminated at least 10 ms before the resumption of contralateral flexor activity. In 

the remaining 18% of the trials, we observed either continuation of alternating bursts 

between ipsilateral flexors and extensors or cessation of ipsilateral flexor activity (grey bar).
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Figure 3.9. The Effect o f Delaying the Onset o f Contralateral Flexor Activity.

A. Prolongation of flexor burst duration by delaying the onset of the contralateral

flexor burst. Stopping the treadmill briefly (thick black line) inhibited contralateral flexor 

activity and resulted in the prolongation of ipsilateral flexor activity. B. The occurrence of 

the response illustrated in A to inhibiting contralateral flexor activity under three 

situations (Undisturbed, Block Flexion, Block Flexion and Sartorius Nerve Block). Black 

bars represent the incidence of observing a prolongation of IP burst duration for the 

duration of the delay to the onset of the contralateral flexor burst (exemplified in A ). 

White bars represent the incidence of observing a prolongation of IP burst duration, but 

not for the extent of time that contralateral flexor burst onset was delayed. Grey bars 

represent the incidence of observing other responses. These other responses consisted of 

either no effect on flexor burst duration with continuation of ipsilateral stepping or 

cessation of stepping rhythm. Note that although prolongation of flexor activity was 

occasionally observed even after conduction in the sartorius nerves was blocked, the 

prolongation never continued for as long as the inhibition was applied (i.e. for as long as 

the treadmill was stopped). Sample size (n) refers to the number of trials recorded under 

each situation from 6 animals. C. If flexor half-centres are mutually inhibitory, then the 

duration of the ipsilateral IP burst (denoted by Y in A) should coincide with the interval 

between the onset of ipsilateral IP activity and the onset of contralateral IP activity 

(denoted by X in A). Data in the scatterplot represents values measured from one cat. 

The relationship between X and Y  was almost perfectly correlated (r =  0.99, p <  0.05).
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If conduction in the sartorius nerves was blocked, the dominant response was either 

a cessation of locomotor rhythm or a continuation of ipsilateral stepping with no change in 

the duration of the IP bursts compared to the preceding step (represented by grey bar in Fig. 

3.9B, Block Flexion and Sartorius Nerve Block). Prolongation of ipsilateral IP bursts was rarely 

observed (8% of the trials) (white bar). Even when prolongation was observed, it never 

lasted for the duration of the delay to the onset of the contralateral flexor burst

The example shown in figure 3.9A represents the upper limit of the relationship 

between ipsilateral IP burst duration (Y) and the interval between the onsets of the 

ipsilateral IP and the subsequent contralateral IP (X). If the flexor half centers on both sides 

inhibit each other, then the greatest extension of ipsilateral flexor activity should coincide 

with the duration of time that the onset of contralateral flexor activity is delayed 

(exemplified in Fig. 3.9A). Indeed, we found that for all animals tested, the relationship 

between X  and Y was strongly correlated. In figure 3.9C, the values X and Y from steps 

taken from 1 cat (n =  489 steps) are plotted. Data points that are located at the top right of 

the plot are those measured from the trials where the onset of contralateral swing was 

briefly inhibited and hip flexion was blocked. Data points that are clustered close to the 

bottom comer of the plot (where X is less than 2000 ms) are those measured from 

sequences of undisturbed stepping and those during which hip flexion was blocked. The 

relationship between X and Y  was significandy correlated (r =  0.99, p <  0.05).

3.4 Discussion
The purpose of this investigation was to determine whether modification of afferent 

feedback from hip flexor muscles influences the burst activity in these muscles during the
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swing phase of stepping in decerebrate walking cats. Modifying afferent feedback with 

natural perturbations to the contracting muscles was found to strongly influence the 

duration and amplitude of bursts in these muscles. Assisting hip flexion movements 

decreased flexor burst activity (Fig. 3.2), while resisting hip flexion enhanced flexor burst 

activity (Fig. 3.3 and 3.5). These effects occur in the absence of sensory input from the skin 

and other leg muscles, and they depend largely on modification of feedback from the 

sartorius muscles (Fig. 3.8). Furthermore, sensory feedback from the sartorius muscle was 

capable of maintaining flexor burst activity for long periods when stepping in the 

contralateral leg was inhibited at the same time that ipsilateral hip flexion was resisted (Fig. 

3.9).

3.4 .1 Modulation o f Flexor Activity by Flexor Muscle Afferents during the Swing Phase 

Based on previous findings and the results from this investigation, a scheme for

explaining the role of afferent feedback during the swing phase of walking is shown in figure

3.10. This scheme bears a close resemblance to the pathways by which extensor group I

muscle afferent input can enhance extensor activity during the stance phase (reviewed in

Pearson 1995). Assuming that the CPG for each leg consists of flexor and extensor half-

centers that mutually inhibit each other (Lundberg 1981), input from group I afferents from

hip flexor muscles could enhance activity in flexor motoneurons via monosynaptic and

disynaptic pathways (Lundberg 1981; Degtyarenko et al. 1998; Quevedo et al. 2000) and

via the locomotor CPG (Perreault et al. 1995; McCrea et al. 2000).

The monosynaptic excitatory pathway from flexor group I afferents to flexor

motoneurons is represented as pathway 1 in figure 3.10. In addition to homonymous
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Figure 3.10. Schematic Diagram o f Hypothesized Afferent Pathways from Flexor 
Muscles that Enhance Flexor Activity.

Black dots represent inhibitory connections while bars represent excitatory 

connections. E and F, extensor and flexor half-centers, respectively. E.MN and F.MN, 

extensor and flexor motoneurons, respectively. IN, intemeuron. For simplicity, the 

afferent connections of the extensor system are not shown. Three pathways are involved 

in enhancing flexor activity (references indicated in diagram). Pathway 1: an excitatory 

monosynaptic pathway from group I afferents. Pathway 2: disynaptic group I pathways 

from flexor afferents that are disinhibited by the CPG. Pathway 3: a direct pathway from 

flexor group I afferents to the locomotor CPG. Activation of pathways 1, 2, and 3 could 

account for our observation of enhanced flexor activity when hip flexion is blocked. In 

addition, ipsilateral flexor burst activity is limited by activity on the contralateral side 

(pathway 4). See text for further details.
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monosynaptic connections, heteronymous connections exist between flexor group I 

afferents and flexor motoneurons. For example, the excitatory connection from la sartorius 

afferents to IP motoneurons (Eccles and Lundberg 1958) was proposed by Lundberg (1981) 

to influence IP activity during the swing phase of walking. Very recently, Quevedo et al. 

(2000) demonstrated that monosynaptic excitation of T A  motoneurons could be elicited 

via heteronymous as well as homonymous flexor group I afferent connections during fictive 

locomotion in decerebrate cats.

Disynaptic excitatory pathways from flexor group I afferents to flexor motoneurons 

are represented as pathway 2 in figure 3.10. Evidence for these pathways comes from recent 

studies of fictive locomotion in decerebrate cats (Degtyarenko et al. 1998; Quevedo et a l 

2000). A t rest there is little disynaptic excitation of flexor motoneurons from flexor group I 

afferents (Quevedo et al. 2000). However, during the flexion phase of locomotor activity, 

excitatory transmission is powerfully enhanced in homonymous and heteronymous group I 

disynaptic pathways to flexor motoneurons of the hip, knee, ankle, and bifunctional 

muscles, including sartorius (Quevedo et al. 2000). Degtyarenko et al. (1998) also provide 

evidence for excitatory disynaptic reflex pathways from EDL and TA  group I afferents to 

their respective motoneurons during the flexion phase of fictive locomotion in cats.

Lastly, evidence for group I afferent input from flexor muscles to the locomotor 

CPG comes from the work of Perreault et al. (1995) and McCrea et al. (2000). They 

reported that stimulation of group I afferents from the iliopsoas and sartorius muscles 

enhances and prolongs flexor activity with a concomitant increase in step cycle duration 

during fictive locomotion in decerebrate cats. The direct pathway from group I muscle
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afferents to flexor motoneurons via the flexor half-center is indicated by pathway 3 in figure

3.10.

Based on these previous findings, the scheme illustrated in figure 3.10 can account 

for our results as follows. Blocking (resisting) hip flexion causes the hip flexors to shorten 

more slowly than normal, thus resulting in increased spindle and Golgi tendon organ 

activation from these muscles. While activity patterns in group lb afferents from flexor 

muscles during swing has not been reported to date, spindle afferents from the sartorius 

muscles have been shown to be active during the swing phase in walking cats (Loeb et al. 

1985; Loeb and Hoffer 1985). W ith the slower shortening of the flexor muscles, the 

expected reduction in group I activity near the end of swing would not occur, and 

excitatory drive onto the flexor motoneurons would be increased via one or possibly all of 

the pathways indicated by previous studies (Lundberg 1981; Perreault et al. 1995; 

Degtyarenko et al. 1998; Quevedo et al. 2000). Enhanced activation in the pathways onto 

the flexor half-center would lead to prolonged burst activity. The opposite effects would 

occur when hip flexion is assisted. In this situation, the hip flexors would shorten and 

unload more rapidly, thus prematurely reducing the excitatory group I input to the flexor 

motoneurons and resulting in an abbreviation of activity in the flexor half-center and 

therefore reduce flexor burst duration.

The extent to which afferents other than the group I afferents might be involved in 

producing the effects we have observed is difficult to assess. For example, there is no clear 

consensus on the action of group II flexor muscle afferents on flexor activity during swing. 

During fictive locomotion, McCrea et al. (2000) reported that stimulation of afferents from 

the iliopsoas and sartorius muscles at group II strengths can enhance flexor activity,
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whereas Perreault et al. (1995) reported that stimulation of group II afferents in the 

sartorius nerve resets the locomotor rhythm to extension. In walking decerebrate cats, 

stimulation of the EDL nerve at group II strengths produces an increase in the duration of 

the IP burst while stimulation of the TA  nerve (at group II strengths) produced either no 

effect or an excitatory effect on flexor burst duration (Hiebert et al. 1996). Another source 

of excitatory input to the flexor burst generating system is the non-spindle group II afferents 

and smaller afferents. These afferents form a major component of the ‘flexor-reflex 

afferents’ (Burke 1999) so if they were activated with the contracting hip flexors they may 

have contributed to facilitating flexor burst activity when hip flexion was resisted or 

blocked. Another possible source of afferent input is from the hip joint. However, the 

effects of blocking hip flexion were significantly weakened following conduction block in 

the sartorius nerve (Fig. 3.9B). This procedure would not have influenced hip joint 

afferents. Thus, we believe that hip joint afferents do not contribute substantial afferent 

input to hip flexor muscle activity during swing. It is conceivable, however, that some of the 

residual effect of blocking hip flexion, in the absence of feedback from sartorius muscles, is 

due to input from hip-joint afferents.

The usual criterion for establishing whether a specific input has an effect on the 

CPG is examining whether or not the locomotor rhythm has been reset by the disturbance 

in question (Hultbom et al. 1998). Given the nature of treadmill stepping and the type of 

perturbations used, we cannot use this criterion to test that the perturbations we used 

influence the locomotor CPG. However, 2 lines of evidence are consistent with the 

proposal that our proprioceptive disturbances to hip flexor activity (i.e. assisting and 

resisting/blocking flexion) are accessing the CPG. First, when we blocked hip flexion we
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observed prolongation of flexor activity accompanied by a decrease in the subsequent 

ipsilaterai extensor burst duration (Fig. 3.5 and 3.6). Step cycle duration was not 

significantly affected by the perturbation; however, effects on cycle duration would not be 

obvious because the speed of the treadmill entrains the locomotor rhythm via the stepping 

legs. Second, the duration of the flexor bursts could be greatly enhanced by the addition of 

proprioceptive feedback and this enhancement is further reinforced when stepping in the 

contralateral leg is stopped. We propose that flexor burst activity, although enhanced, is 

not maintained for a long period when flexion is resisted or blocked because the bursts are 

terminated by inhibitory input from the contralateral flexor burst generator (Lundberg 

1981) (pathway 4 in Fig. 3.10). Indeed, flexor activity from both sides strongly alternate 

with each other (Fig. 3.9C). W hen the onset of the contralateral flexor burst was delayed, 

prolongation of ipsilaterai flexor activity for seconds could easily occur when hip flexion was 

blocked (Fig. 3.9A and B, middle histogram). W ithout this additional proprioceptive input, 

prolongation of ipsilaterai flexor activity occurred only 21% of the time (Fig. 3.9B, left 

histogram).

3.4.2 Feedback from the Sartorius Muscles is Important for Enhancing Flexor Burst 
Activity

We have been able to show a difference in the importance of afferent feedback from 

the IP and sartorius muscles during the swing phase. W hen the IP muscle was detached 

from its insertion, we saw little change in the response to blocking swing. This was 

consistent with the small effects produced by stretching the IP muscle (Fig. 3.7). Given 

these results, we conclude that afferent feedback from the IP muscle has a small role in the 

modulation of flexor burst activity. Conversely, we found that when conduction in the
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sartorius nerves was interrupted, the enhancement in hip flexor activity when hip flexion 

was blocked was not present (Fig. 3.8). Furthermore, activity in the IP muscle was reduced 

even during undisturbed stepping after conduction block in the sartorius nerves (Fig. 3.8A). 

The heterogeneity among individual muscles’ roles in the modulation of flexor burst activity 

extends previous findings from decerebrate walking cats. The IP, TA, and EDL muscles 

have been previously reported to yield different effects on flexor burst activity when their 

afferents have been activated (Hiebert et al. 1996). Furthermore, given the different 

anatomical features of the IP and sartorius muscles (see Fig. 3.1C), it is not surprising that 

they would each have a unique contribution to the modulation of flexor burst activity.

3.4-3 Functional Relevance

The scheme proposed in figure 3.10 could provide for appropriate pathways by

which effective flexor activity can be produced despite perturbations to limb motion. For

example, this may provide a mechanism for appropriate modifications to the locomotor

pattern when animals walk along inclined surfaces during which there is an increase in

flexor burst activity during swing (Carlson-Kuhta et al. 1998). Because the leg has to be

lifted more against gravity, there is a tendency to reduce the rate of shortening thus

increasing spindle and tendon organ activity above that generated when walking along a

horizontal surface. These enhanced afferent signals would then enhance flexor burst

activity to accommodate the increased loading of the flexor muscles via the pathways

illustrated in figure 3.10. Consistent with this proposal are our unpublished observations

that adding a load to the hindlimb of a conscious walking cat (by strapping a weight around

the shank) enhances flexor burst activity analogous to that observed in this study.
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4.1 Introduction
In order for locomotion to be adaptable to external conditions, the nervous system 

must receive and appropriately respond to sensory input. One important source of sensory 

input during locomotion comes from muscle afferents. For example, the level of extensor 

activity required to support the body during the stance phase of walking is dependent on 

afferent feedback from extensor muscles (Hiebert et al. 1994; Hiebert and Pearson 1999; 

Stein et al. 2000). The timing of the locomotor pattern is also highly sensitive to sensory 

input from muscle afferents. Sensory inputs from both load-sensitive (Conway et al. 1987; 

Pearson et al. 1992) and length-sensitive afferents (Andersson and Grillner 1983; Kriellaars 

et al. 1994) strongly entrain the locomotor rhythm. Inputs from length-sensitive hip flexor 

muscle afferents (Hiebert et al. 1996), as well as load-sensitive afferents from extensor 

muscles (Duysens and Pearson 1980; Whelan et al. 1995) are important signals for 

promoting the transition from the stance to the swing phase of walking.

Evidence for the regulation of flexor activity during locomotion by proprioceptive 

input is beginning to accumulate. A  few studies have shown that swing phase activity 

during locomotion can be influenced by mechanically altering proprioceptive input 

(Orlovskii and Shik 1965; Lam and Pearson 2001a). Although the specific muscle receptors 

involved in mediating these effects have not been directly identified, muscle spindles and 

Golgi tendon organs are likely candidates since there is substantial evidence that large- 

diameter flexor muscle afferents can modify the locomotor pattern during fictive 

locomotion in decerebrate cats. Electrical stimulation of the tibialis anterior, extensor 

digitorum longus, iliopsoas, sartorius, or posterior biceps/semitendinosus nerves at group I
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strengths during the flexion phase produces prolongation of flexor burst activity (Perreault 

et al. 1995; McCrea et al. 2000). Stimulation of group I muscle afferents from the iliopsoas 

and sartorius muscles also increases the magnitude of flexor bursts during the flexion phase 

(McCrea et al. 2000). The regulation of flexor activity during locomotion by group I flexor 

muscle afferents could be mediated by monosynaptic or disynaptic excitatory pathways 

(Degtyarenko et al. 1998; Quevedo et a l  2000) or by pathways that direcdy influence the 

locomotor CPG (Perreault et al. 1995; McCrea et al. 2000).

A  role for the secondary endings of muscle spindles in regulating swing phase 

activity is also suggested by studies that have reported effects of group II flexor muscle 

afferents on flexor burst activity during fictive locomotion, despite the fact that these 

investigations have yielded varying conclusions. Initially, Perreault et al. (1995) reported 

that electrical stimulation of group II flexor muscle afferents from the sartorius, tibialis 

anterior, and semitendinosus nerves during flexion caused a resetting to extension during 

fictive locomotion in decerebrate cats. Later results from McCrea et al. (2000) showed that 

stimulation of these same afferents as well as afferents from other flexor nerves during 

flexion caused an excitatory effect on flexor activity. The latter observation was consistent 

with the finding in walking decerebrate cats that stimulation of the tibialis anterior or 

extensor digitorum longus nerves at group II strengths during the flexor phase resulted in a 

prolongation of flexion (Hiebert et al. 1996).

Are these feedback pathways from group I and II flexor muscle afferents, identified 

in fictive locomotor preparations, functional during treadmill walking? We approached this 

question by examining the effects of electrically stimulating the sartorius nerve during 

treadmill walking in acute decerebrate cats. Our first objective was to confirm that large
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afferents from sartorius muscles have an excitatory effect on flexor activity during the swing 

phase of locomotion, which would be consistent with our previous conclusions (Lam and 

Pearson 2001a) as well as results from fictive decerebrate cat preparations (Perreault et al. 

1995; Degtyarenko et al. 1998; McCrea et al. 2000; Quevedo et al. 2000). Our second 

objective was to clarify the role of group II flexor muscle afferents in regulating flexor 

activity during locomotion and to determine whether inhibitory, excitatory, or both 

inhibitory and excitatory influences exist between these afferents and flexor generating 

systems in the walking decerebrate cat. We focused on the effects of sartorius nerve 

stimulation since previous results showed that proprioceptive feedback from the sartorius 

muscle is particularly important for regulating flexor activity during treadmill locomotion 

(Lam and Pearson 2001a). Preliminary results from this study have been published in 

abstract form (Lam and Pearson 2001b).

4.2 Methods
The results in this study were obtained from 3 decerebrate cats during treadmill 

locomotion. All procedures were approved by the University of Alberta Health Sciences 

Animal Welfare Committee.

4.2.1 Preparation

Animals were initially anesthetized with halothane. The trachea was then 

cannulated for the continuous administration of the anesthetic. O ne carotid artery was 

ligated and the other cannulated for monitoring the blood pressure. O ne jugular vein was 

cannulated for the administration of drugs. Intramuscular fine-wire recording electrodes 

were sewn into the iliopsoas (IP), tibialis anterior (TA), and medial gastrocnemius (MG)
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muscles of both hiudlimbs. Electrode leads were passed under the skin to a connector 

located externally on the animal’s back. The nerves to the sartorius muscles were then 

exposed and cut at their entry into the muscle. A  cuff electrode was placed around the 

proximal cut end of the nerve with care taken to include both branches to the medial and 

anterior heads of the sartorius muscle. A  laminectomy was performed to expose the L2/3 

segments of the spinal cord. Fine-wire electrodes (Cooner Wire AS632, Cooner Wire 

Company, Chatsworth, CA) were then positioned between the dura mater and the 

remaining edge of the vertebrae to monitor cord dorsum potentials.

After these procedures, the animal was fixed in a stereotaxic frame over a treadmill. 

The animal was then decerebrated by transecting the brainstem at a 50° angle from the 

anterior edge of the superior colliculus. The anesthesia was discontinued at this time. 

Spontaneous stepping occurred in response to the moving treadmill belt. Manual 

stimulation to the perineum was sometimes used to assist stepping.

The sartorius nerves were stimulated at 200 Hz with 500-700 ms trains. The 

stimulus was triggered to occur 50 ms after the onset of the ipsilaterai IP or TA  burst and 

delivered every 3rd or 4th burst. Stimulus strength was measured as a multiple of the 

threshold strength (T) required to evoke the smallest potential measured at the cord 

dorsum. Group I muscle afferents (including both la and lb fibers) are preferentially 

activated by stimulation strengths ranging from 1.2 to 1.8 T  while group II muscle afferents 

are activated by electrical stimulation strength beginning at 2 to 5 T  (Jack 1978). We used 

these guidelines to differentiate between the responses to group I and II muscle afferent 

fibers from the sartorius nerve.
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4-2.2 Data Analysis

The analog data were recorded on tape using a Vetter 4000A PCM machine. 

Sequences of regular consistent stepping were selected and electromyographic recordings 

subsequently digitized at 500 Hz (high pass 10 Hz, low pass 30 Hz) and stored on computer 

using a data acquisition system (Axotape 2.0.2, Axon Instruments). Cord dorsum potentials 

were digitized at a sampling rate of 10,000 Hz. Custom written computer software programs 

were used to average and plot EMG traces and to measure burst duration and cycle period. 

Flexor burst amplitude was measured over a 100 ms period during the plateau phase of the 

burst profile (which usually began 100 ms after the start of the stimulation, see shaded area 

in Fig. IB). Cycle duration was defined as the time from the onset of an IP burst to the next 

IP burst. Student’s t-tests were used to determine significant differences and the level of 

significance was set at 0.05.

4.3 Results

4-3.1 Effect o f Sartorius Group I Afferents on Flexor Burst Duration and Amplitude

Sartorius group I afferents were activated by stimuli of between 1.2 and 1.8 T  to the

sartorius nerve. Figure 4.1 A illustrates a sequence of stepping in one animal where

stimulation of the sartorius nerve at 1.6 T  was delivered every fourth step. The increase in

IP burst activity (duration and magnitude) is apparent while there was little effect on TA

burst activity. Figure 4. IB shows averaged EMG bursts of the IP and TA  muscles of control

steps (thin black line, n =  36 steps), compared with stimulated steps (thick black line, n  =

12 steps) from the same sequence of steps that is partly shown in figure 4.1 A. In this

example, IP burst duration increased by about 10% while TA  burst duration increased by
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Figure 4■ 1. The Effect o f  1.6 T  Sartorius Nerve Stimulation during the Flexor Phase o f 
Locomotion.

A. Stimulation trains of 500 ms at 1.6 T, delivered 50 ms after the onset of the 

tibialis anterior (TA) burst every 4th step during treadmill locomotion, resulted in an 

increase in iliopsoas (IP) burst duration and magnitude with no obvious effect on TA  

burst activity, co, contralateral, ipsi, ipsilaterai. B. Averaged EMG records from the IP 

and TA  muscle from the same walking sequence partly shown in A. Shaded area 

delineates region of the flexor burst from which the change in amplitude was measured. 

Thick lines represent stimulated IP and TA  bursts (n =  12 steps). Thin lines represent 

averaged IP and TA  EMG from control steps (n =  36 steps). The duration of the 

stimulation train is represented by thick black bar underneath averaged EMG bursts.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



coMG,

coTA

colP

*JiiiuUuwd4̂
J4j u ULAJUu U(j u UUIjlJUI
JiJUuU^JUuLkJLOJiJJU^

 W J k _ i

Sart. 1.6 T

1 s

200 ms
Sart 1.6 7 Sart 1.6 7

with permission of the copyright owner. Further reproduction prohibited without permission



150

less than 5%. The amplitude of the IP bursts increased by 57% compared to control while 

the amplitude of the TA  was unchanged.

Figure 4.2A illustrates grouped data, from 3 animals, of the percent change in burst 

duration and amplitude over the range of group I stimulation strengths. As shown in the 

right panel, stimulation of the sartorius nerve over this range of strengths consistently 

resulted in an enhancement of IP burst amplitude. The average amplitude was measured 

over 100 ms beginning 100 ms after the start of the stimulation (see shaded area, Fig. 4. IB). 

The increase in IP amplitude with group I strength stimulation compared to control values 

was significant across all animals at all strengths tested (1.2 to 1.8 T) (p < 0.05) (Fig. 4.2A, 

right panel). TA  burst amplitude was largely unchanged but tended to be slightly lower 

than control with group I sartorius nerve stimulation.

Low threshold stimulation (<  1.4 T) of sartorius group I afferents did not have a 

significant effect on IP or TA  burst duration. Higher strength stimulation (>  1.6 T) 

produced prolongation of both IP and TA  burst durations (p <  0.05). However, the effects 

of stimulating the sartorius nerve at 1.8 T were more variable. This may be explained by the 

finding that in one animal, stimulation of the sartorius nerve at 1.8 T  primarily produced a 

reduction in IP or TA  burst duration, thus yielding mixed results across animals. It is 

possible that some of the more excitable group II afferents were recruited at this strength in 

this cat (Jack 1978). Although the increase in TA  burst duration was not as large as the 

increase in IP burst duration measured for a given stimulation strength, there was a strong 

relationship between the change in IP burst duration and TA  burst duration. In figure 4.2B, 

this relationship is shown for stimulation strengths of 1.6 T  (r =  0.95) and 1.8 T  (r =  0.93). 

The dashed line in these figures represents a perfect correlation (r =  1.0) between the
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Figure 4.2. The Effect o f Sartorius Nerve Stimulation at Group I Strengths on IP and 
T A  Burst Activity.

A . The left panel shows the percent change in iliopsoas (IP) (filled circles) and 

tibilais anterior (TA) (open triangles) burst duration with a range of group I stimulation 

strengths. Data from all 3 animals were pooled to generate each data point in the 

scatterplot. The number of steps represented in the control, 1.2 T, 1.4 T, 1.6 T, and 1.8 T  

conditions is 843, 54, 107, 453, and 223, respectively. A n effect on IP and TA burst 

duration is only observed with stimulation strengths greater than 1.6 T. The right panel 

shows the percent change in IP and TA  burst amplitude. Throughout the range of 

stimulation strengths, IP burst amplitude was significantly increased with TA  burst 

amplitude remained near or slightly below control. Error bars represent standard error. *, 

p <  0.05. B. The relationship between the change in IP burst duration and the change in 

TA  burst duration was quantified for stimulation strengths of 1.6 and 1.8 T. The dotted 

black line in the graphs represents a 1:1 relationship between the change in IP and TA  

burst duration. Most of the points lay below this line, demonstrating the fact that TA  

burst duration increased by a lesser degree than IP burst duration with 1.6 or 1.8 T  

sartorius nerve stimulation.
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change in IP and TA  burst duration. The majority of the points in the scatterplot are 

located under this line, reflecting the finding that the increase in TA  burst duration, 

although occurring in conjunction with an increase in IP burst duration, tended to be less.

Although stimulation of the sartorius nerve at >  1.6 T  consistently prolonged IP 

burst duration, the effect on cycle period was modest. Any change in cycle period was 

measured as a change in the duration between the onsets of successive ipsilaterai or 

contralateral flexor bursts at the time stimulation was delivered and expressed as a 

percentage of the average control cycle period. Overall, the change in both ipsilaterai and 

contralateral cycle period resulting from group I sartorius afferent stimulation was slight, 

varying from 0 to 7% and averaging only 2.5% (Fig. 4.3A). However, in a few trials in one 

animal, stimulation of sartorius group I muscle afferents had a very large effect on cycle 

period (p <  0.05, indicated by asterisks, Fig. 4.3B). The prolongation of ipsilaterai flexor 

burst durations in both the IP and TA  muscle is apparent, along with a lengthening of the 

ipsilaterai and contralateral cycle period in response to the electrical stimulation. Because 

these data were outliers compared to the majority of the results, they were not included in 

the overall averages presented in figure 4.3A.

4-3.2 Effect o f Sartorius Group II Afferents on Flexor Burst Duration

An example of a walking sequence during which stimulation of group II sartorius

muscle afferents was delivered is shown in figure 4.4. Figure 4.4A illustrates the first 2 

stimulus trials of this walking sequence. Initially, 3 T  stimulation o f the sartorius nerve 

during flexion caused an inhibition of the flexor bursts. Stimulation trains were delivered 

every 3 steps. W ithin 5 stimulation trials, this inhibitory effect was gradually replaced by an
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Figure 4.3. The Effect o f Sartorius Nerve Stimulation at 1.6 and 1.8 T  on Locomotor 
Cycle Period.

A . Typically, there was no effect on locomotor cycle period despite an effect on 

iliopsoas (IP) and tibilias anterior (TA) burst duration with 1.6 or 1.8 T  sartorius nerve 

stimulation. This was a consistent finding from all 3 animals tested (represented by 3 

different symbols in the scatterplots). From cat 1, there were 100 steps contributed to the 

averages in the control condition, 91 steps to the 1.6 T  condition, and 9 to the 1.8 T 

condition. From cat 2, there were 103 control steps, 56 steps at 1.6 T, and 47 steps at 1.8 

T. From cat 3, there were 131 control steps, 97 steps at 1.6 T, and 34 steps at 1.8 T. Error 

bars represent standard deviations. During some walking sequences in one animal, a 

strong effect on locomotor cycle period was revealed. A n example taken from one of 

these walking sequences is shown in B. These data were not included in the averages 

illustrated in A. Significant increases in duration are indicated by asterisks (p <  0.05). co, 

contralateral, ipsi, ipsilaterai.
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Figure 4-4. The Effect o f Activating Group II Sartorius Muscle Afferents during the 
Flexor Phase o f Locomotion.

The initial stages (A) and the latter stages (B) of a single walking sequence during 

which the sartorius nerve was stimulated at 3 T, 50 ms after the onset of the ipsilaterai IP 

burst, co, contralateral, ipsi, ipsilaterai. CDP, cord dorsum potential. There was a gradual 

reversal from an inhibitory to an excitatory effect on flexor burst activity (C). C. Top 

panel, the percent change in IP burst duration during 3 separate walking trials, each 

separated by at least 1 minute (delineated by dotted black lines). Middle panel, the percent 

change in cycle duration during the corresponding locomotor sequences. Bottom panel, 

the percent change in the inter-burst interval between MG bursts. O pen symbols 

represent significant (p < 0.05) changes in burst or cycle duration compared to control.
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excitatory effect (Fig. 4.4B). Figure 4.4B illustrates the last 2 stimulus trials of the walking 

sequence during which 3 T stimulation of the sartorius nerve caused an increase in the 

amplitude and duration of the flexor bursts. Note that the amplitude of the cord dorsum 

potential (CDP) remained constant throughout the walking sequence. In addition, 

stimulation of the sartorius nerves at group II strengths also produced an inhibition of the 

ipsilaterai MG burst activity. A n example of this is seen in figure 4-4A. This type of 

response in the ipsilaterai MG burst activity was consistent across all animals tested at this 

stimulation strength.

Figure 4.4C (top panel) quantifies the gradual change in the effect on IP burst 

duration with activation of group II sartorius muscle afferents for 3 walking sequences, 

separated by at least 1 minute, including the one illustrated in figures 4-4A and B. A t the 

beginning of each trial, 3 T  stimulation of the sartorius nerve caused a significant decrease 

in IP burst duration and cycle duration compared to control (p <  0.05) (significant 

responses represented by open symbols) (Fig. 4.4C). W ithin the walking sequence, 

however, subsequent 3 T stimulation of the sartorius nerve gradually caused a significant 

increase in IP burst duration (p <  0.05) (significant responses represented by open 

symbols), usually without a corresponding change in cycle duration (Fig. 4-4C, middle 

panel). To assess the effect on ipsilaterai MG activity, the silent period between sequential 

MG bursts was measured. After 3 T  stimulation of the sartorius nerve was delivered, the 

following MG burst was often skipped (indicated by the symbols located above the dotted 

line, >  100% change in MG silent period). Even if the MG burst was not skipped, its level 

of activity appeared lower than that of control, as seen in figure 4-4A and B.
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The pattern of a gradual decrease in the inhibitory effect of group II stimulation on 

flexor burst activity was observed in 70% of the walking sequences (14/20 walking 

sequences from 3 cats, stimulation strengths between 3-5 T  and stimulation trains between 

500-700 ms). Variable responses were produced in the remainder of the walking sequences. 

Persistent inhibitory effects throughout a walking sequence, in response to sartorius nerve 

stimulation at group II strength, was observed in 3 walking sequences from one cat. In these 

walking sequences, stimulation of the sartorius nerve was delivered at 4-5 T for 500 ms. 

Stimulation of the sartorius nerve at 3 T  (500 ms train duration) produced only excitatory 

effects on IP burst duration during 1 walking sequence. Finally, both inhibitory and 

excitatory effects on IP burst duration, occurring without a specific time-dependent pattern, 

were observed in 2 of walking sequences (with 5 T  sartorius nerve stimulation and 500-700 

ms stimulus trains). A  summary of the different patterns of responses from the 3 animals is 

provided in Table 4.1.

Unlike the response to stimulation of the sartorius nerve at group I strength, 

stimulation of the sartorius nerve at group II strength affected both IP and TA burst 

duration and amplitude. Figure 4-5A illustrates averaged EMG bursts from the IP and TA 

muscles at the beginning of a walking sequence (left panel) and from the end of a walking 

sequence (right panel) during which 5 T  stimulation of the sartorius nerve was delivered 

every 4th step. The left panel in figure 4.5A illustrates the inhibitory effect this stimulation 

had on the initial bursts of the walking sequence. Both the IP and T A  muscles showed a 

decrease in duration and amplitude compared to control steps. A t the end of this walking 

sequence, there was a marked reduction in this inhibitory effect (Fig. 4.5A, right panel). In 

the IP muscle, there was an emergence to an overall excitatory effect while in the TA
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Table 4-1. Effects o f 3-5 T  Sartorius Nerve Stimulation.

For each cat, the number of walking sequences in which each type of effect in

response to 3-5 T  sartorius nerve stimulation was tabulated. The numbers in brackets

indicate the number of steps that were stimulated.
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C at 1 C a t 2 C a t 3

gradual change from inhibitory to 
excitatory effect

5
(n = 10-20)

8
(n = 8-35)

1
(n = 17)

ail inhibitory effect 2
(n = 6-8)

1
(n = 4)

all excitatory effect 1
(n = 10)

variable excitatory and inhibitory effects 
with no pattern

1
(a =5)

1
(n = 22)
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Figure 4.5. The Effect o f 5 T  Sartorius Nerve Stimulation on Flexor Burst Activity 
during Locomotion.

A) Thick lines represent averaged iliopsoas (IP) and tibilias anterior (TA) EMG 

during stimulated steps and thing lines represent averaged IP and TA  EMG during 

control steps (n =  15). The left panel shows the strong inhibitory effect with stimulation 

of the sartorius nerve at 5 T  at the beginning of a walking trial. This inhibitory effect 

gradually reverses to an excitatory effect on IP activity at the end of the same walking 

sequence (right panel) while TA  activity returns closer to control levels. The gradual 

change in effect from inhibitory to excitatory is clearly seen by quantifying the percent 

change in burst duration (B) and amplitude (which was averaged over the plateau period 

of the burst profile). C. Filled circles represent change in IP burst activity and open 

triangles represent TA  burst activity. Asterisks (*) denote steps that were significantly 

different from control (p <  0.05).
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muscle, the inhibitory effect decreased almost to zero in the latter half of the stimulation. 

Figure 4-5B and C  quantifies this change in the effect of sartorius group II stimulation over 

time. A t the beginning of the trial, both the IP and TA  burst durations and amplitudes are 

lower than control (Fig. 4.5B and C) (p < 0.05, denoted by asterisks). Burst durations of 

the IP and T A  returned very quickly to control (within 3 stimulation trials in this example). 

By the end of the walking sequence, IP burst duration was consistendy higher than control 

(p <  0.05, denoted by asterisks) while TA  burst duration increased to a level closer to 

control values (Fig. 4.5B). The amplitude of the IP and TA  EMGs showed a decrease in the 

initial stages of the walking sequence with stimulation of the sartorius nerves at group II 

strength (p <  0.05, denoted by asterisks). By the end of the walking sequence, IP burst 

amplitude tended to be slightly higher than control steps. The TA  EMG amplitude 

increased, but to a lesser extent and remained slightly below control values (Fig. 4.5C). 

Note that the emerging excitatory effect in the IP muscle was preceded by an inhibitory 

effect on burst duration, which matched that seen in earlier stages of the walking sequence. 

Similarly, in the TA  muscle, the initial inhibitory effect was followed by a secondary 

excitatory effect not seen in the early stages of the walking sequence. This effect was seen in 

many of the locomotor sequences when stimulation of the sartorius nerve at group II 

strengths yielded the pattern of transition from inhibitory to excitatory effects (e.g. also 

indicated by arrows in Fig. 4.6C).

The effect of group II sartorius nerve stimulation on the timing of the locomotor 

cycle usually varied in conjunction with the varying effect on flexor burst duration. As 

stated above, the most typical effect of sartorius nerve stimulation at group II strengths was 

initially a shortening, which gradually reversed to an excitatory effect on flexor burst
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Figure 4.6. Stimulating the Sartorius Nerve at Group II Strengths Produced Varying
Results.

A. In this example, 5 T  sartorius nerve stimulation consistently produced 

inhibition of the ipsilateral flexor bursts, however, the effect on locomotor cycle period 

varied: either resetting to contralateral flexion occurred (#2) or prolongation of the 

contralateral cycle period occurred (#1  and #3 ). The varying effects on the locomotor 

rhythm are clearly demonstrated in B where shortening or prolonging the contralateral 

rhythm occurs randomly within a single walking sequence. The steps illustrated in A are 

marked in B. C. strong excitatory effect on ipsilateral flexor burst duration and locomotor 

cycle period is also possible with 5 T  sartorius nerve stimulation. Arrows in C  indicate the 

emergence of a secondary excitatory effect following 5 T  sartorius nerve stimulation. 

Abbreviations: co, contralateral; ipsi, ipsilateral; CDP, cord dorsum potential.
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duration. Corresponding with the effect on flexor burst duration was a gradual change in 

the effect on cycle duration (Fig. 4-4B). Figure 4.6 illustrates other examples from one 

animal of the effect of activation of group II sartorius muscle afferents on the locomotor 

rhythm. This example is taken from one of the 6 walking sequences that did not exhibit the 

pattern of a gradual decrease in inhibitory effect due to group II sartorius muscle afferent 

stimulation. Figure 4.6A illustrates an example where sartorius nerve stimulation at group II 

strengths sometimes reset the locomotor rhythm by prolonging the contralateral cycle 

period. This is exhibited in the 1st and 3rd stimulated steps. Delivery of the stimulation 

train inhibited ongoing ipsilateral flexor activity. Once the stimulus train ended, ipsilateral 

flexor activity resumed. In the meantime, the contralateral IP remained silent. Sartorius 

nerve stimulation at group II strengths during flexion also sometimes reset the locomotor 

rhythm by halting ipsilateral flexion and advancing the onset of contralateral flexor burst 

activity. This is illustrated in the 2nd stimulated step in figure 4.6A. Figure 4.6B is a 

scatterplot illustrating the effect of sartorius nerve stimulation at 5 T  on the contralateral 

cycle period in the stepping sequence that is partly illustrated in figure 4.6A. Stimulated 

steps are represented by the open diamonds and control steps by the filled circles. In this 

sequence, stimulation of the sartorius nerve at group II strengths caused resetting of the 

contralateral rhythm, either by shortening or lengthening the period between successive 

contralateral IP bursts. Figure 4.6C illustrates an example where stimulation of the sartorius 

nerve at 5 T during the swing phase produced a prolongation of ongoing IP and TA burst 

duration and cycle duration. The effect of group II strength stimulation of the sartorius 

nerve was dramatic, resulting in an almost doubling of the duration of the flexor bursts 

compared to control steps. Note that the main excitatory effect was preceded by a short
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inhibition (indicated by arrows). This example is taken from the latter stages of a walking 

sequence that had shown the pattern of gradual decrease in inhibition with successive 

stimulus trains of 5 T  to the sartorius nerve.

4.4 Discussion
An important key to understanding how the nervous system regulates the 

production of locomotion is identifying the role of afferent feedback pathways in shaping 

locomotor output. Such feedback provides important sensory cues necessary for walking to 

be functional during changing conditions. Many investigations have examined the 

modulation of motoneuron output by cutaneous and muscle afferent feedback pathways 

during locomotion (reviewed in Burke 1999; McCrea 2001). In recent years, more 

information about the modulation of flexor activity by muscle afferent feedback pathways 

has accumulated, primarily from fictive preparations (Perreault et al. 1995; Degtyarenko et 

al. 1998; Quevedo et al. 2000). The identification of the specific muscle receptors involved 

and whether their feedback connections are functional during real walking remains to be 

determined in more detail. The work presented in this paper focused on this latter issue. 

The main results of this study confirm predictions from investigations on fictive 

preparations that feedback from sartorius group I and II muscle afferents strongly modulates 

ongoing flexor activity during treadmill walking in decerebrate cats. Sartorius group I 

muscle afferent feedback supports flexor burst generation during the swing phase of 

treadmill walking. Sartorius group II muscle afferent feedback was shown to have multiple 

effects, suggesting that multiple feedback pathways from these afferents allow flexibility in 

regulating swing phase activity during walking and consistent with previous apparently
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contradictory findings from fictive locomotor preparations (Perreault et al. 1995; McCrea et 

al. 2000).

4.4A Action o f Sartorius Group I Muscle Afferents

Previous results from this laboratory have shown that proprioceptive feedback is

important for regulating the magnitude and duration of flexor activity during the swing

phase of decerebrate cat locomotion (Lam and Pearson 2001a). Resisting flexion, thereby

increasing load and length inputs to hip flexor muscles, caused an increase in hip flexor

activity. Assisting flexion, thereby unloading and prematurely shortening the hip flexor

muscles, caused the opposite effect. Moreover, proprioceptive feedback from the sartorius

muscles was found to be particularly important for this effect since denervation of the

sartorius muscle diminished the response to resisting hip flexion. Lam and Pearson (2001a)

proposed that group I afferents, particularly from the sartorius muscles, were likely

candidates for mediating this response in decerebrate walking cats. Results from the present

study confirm and extend this proposal. Low-threshold stimulation (<  1.4 T) of group I

sartorius muscle afferents resulted in an increase in the magnitude of IP EMG without any

significant effect on IP burst duration or TA  burst activity. Higher-threshold activation at

group I strengths (>  1.6 T) of the sartorius nerve was effective in prolonging the duration

of both IP and TA  bursts as well as the amplitude of the IP EMG. In figure 4.3B, an

example from walking sequences where the locomotor rhythm was also significantly

affected by sartorius nerve stimulation at group I strengths was shown. It is important to

note that in these walking sequences, the ipsilateral extensor bursts were weak. Thus, input

from the extensor rhythm, which is normally strongly entrained by the speed of the
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treadmill, was weaker and provided appropriate conditions for revealing the strong effects 

on ipsilateral flexion and cycle duration by higher-threshold strength group I sartorius nerve 

stimulation.

There are two possible pathways by which the effect on IP amplitude could be 

mediated. The first is the monosynaptic pathway from la sartorius muscle afferents to IP 

motoneurons (Eccles and Lundberg 1958) (pathway 1, Fig. 4.7A). The second is a 

disynaptic excitatory pathway between sartorius group I afferents to IP motoneurons 

described in fictive locomotor cat preparations (Quevedo et al. 2000) (pathway 2, Fig. 

4.7A). Such disynaptic excitation on homonymous and synergist motoneurons was elicited 

by mechanical stimuli that would activate only muscle spindle afferents as well as by 

electrical stimulation ranging in strength from 1.4 to 2 T  (in the range that would recruit 

both group la and lb fibers in the stimulated nerve) (Quevedo et al. 2000). The fact that 

there is an effect on both IP and TA  burst durations as well as cycle period with higher 

stimulus intensities (between 1.6 and 1.8 T) suggests that group I muscle afferents can also 

act at the level of the rhythm generator to influence locomotor timing (pathway 3, Fig. 

4.7A). Based on the present data, we suggest that maximal recruitment of large-diameter 

fibers is required to influence the locomotor rhythm. However, we also cannot rule out the 

possibility that differential recruitment of la and lb fibers may have been a factor in the 

separate effects on IP burst amplitude and duration with different stimulus strengths (i.e. <

1.4 T  and >  1.6 T) (Jack 1978), although this cannot be established with certainty by 

grading the stimulus intensity as used in the present experiments.
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Figure 4.7. Schematic Diagram o f Sartorius Muscle Afferent Feedback Pathways 
Involved in the Modulation o f Flexor Activity during Locomotion.

A . Group I muscle afferent feedback pathways can act on the motoneuron 

monosynaptically (1), via a disynaptic excitatory pathway (2), or by access to the flexor 

half-centre of the locomotor pattern generator (3). B. Group II muscle afferent feedback 

pathways have multiple access to the flexor half-centre of the locomotor pattern 

generator by inhibitory (1) and excitatory (2) connections. Black or grey-shaded dots 

represent inhibitory connections. Inverted arrows represent excitatory connections. E, 

extensor. F, flexor. MN, motoneuron. See Discussion for more details.
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4-4-2 Action o f Sartorius Group II Muscle Afferents

Results from previous studies showed that the effects of sartorius group II muscle

afferent electrical stimulation on flexor burst activity during fictive locomotion are variable, 

producing either shortening of ongoing flexor activity and resetting the locomotor rhythm 

to extension (Perreault et al. 1995) or a prolongation and enhancement of flexor activity 

(McCrea et al. 2000). These contradictory results can be taken as evidence for the 

existence of parallel excitatory and inhibitory pathways from group II flexor muscle afferents 

to flexor motoneurons. In the present study, we showed that during treadmill locomotion in 

decerebrate cats, stimulation of the sartorius nerve at group II strength could have either an 

inhibitory or an excitatory effect on ongoing flexor burst activity, usually depending on the 

timing of the stimulation within a walking sequence (Fig. 4.4 and 4.5). While the responses 

to stimulation of sartorius group II muscle afferents were variable (i.e. either excitatory or 

inhibitory), this variability in the responses was seen in all animals tested (Table 4.1) and 

support the existence of parallel excitatory and inhibitory pathways from group II flexor 

muscle afferents to flexor motoneurons.

In 70% of the trials, a general pattern emerged which was characterized by a gradual 

transition from an inhibitory to an excitatory effect as more stimulation trains were 

delivered. Since the 3-5 T  sartorius nerve stimulation would activate both group I and II 

muscle afferents, it is possible that the transition from an inhibitory to an excitatory 

response was mediated by a diminishment of group II inhibition and an emergence of group 

I effects on flexor burst duration. This possibility is suggested by the finding that a second 

excitatory effect often followed an initial inhibitory effect after stimulation of the sartorius
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nerve at group II strengths (Fig. 4.5 and 4.6). However, given that stimulation of the 

sartorius nerve at group II strengths could produce excitatory or inhibitory responses 

separately (Table 4.1), there is also the possibility that these afferents could also act through 

both inhibitory and excitatory pathways to shape IP and TA  burst activity. Furthermore, 

both inhibitory and excitatory influences from flexor group II muscle afferents to flexor 

burst activity have been demonstrated separately by previous results from fictive locomotor 

preparations (Perreault et al. 1995; McCrea et al. 2000). Depending on factors that remain 

to be determined, the relative strengths of these pathways may be variable. One possible 

factor that may determine the relative strength of these pathways is that the inhibitory 

connection from the group II sartorius muscle afferents to the IP and TA  motoneurons is 

less resilient to repeated activation, since strong inhibitory effects were usually short-lived 

within a walking sequence (Fig. 4-4 and 4.5).

A n important issue is whether sartorius group II muscle afferents have access to the 

locomotor rhythm generator. Previous findings showed that there is a strong resetting effect 

on the locomotor rhythm with stimulation of flexor group II muscle afferents during the 

flexor phase of fictive locomotion (Perreault et al. 1995; McCrea et al. 2000), which is 

strong evidence for the idea that these afferents have access to the locomotor rhythm 

generator (Hultbom et al. 1998). An effect on locomotor rhythm is often difficult to discern 

in walking preparations due to the strong entrainment of the rhythm by the treadmill speed. 

Typically, we observed modest effects on the overall locomotor rhythm, even with strong 

effects on flexor burst duration with 3-5 T stimulation of the sartorius nerve (Fig. 4-4). 

Despite strong entrainment by the treadmill, occasionally a strong resetting effect could be 

observed, as illustrated in figure 4.6. The fact that stimulation of the sartorius nerve at 3-5
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T  could have an effect on flexor burst duration as well as on the locomotor cycle period 

indicates that feedback pathways from group II sartorius muscle afferents have access to the 

locomotor pattern generator in walking decerebrate cats. These feedback pathways can be 

either inhibitory or excitatory on the locomotor rhythm generator (Fig. 4.7B). Further 

support that sartorius group II muscle afferents access the locomotor central pattern 

generator is provided by the fact that activity in the ipsilateral MG bursts was also affected 

by the stimulation. In this case, MG burst activity was suppressed or inhibited. This could 

be explained by insufficient disinhibition of the ipsilateral extensor half-centre even when 

the ipsilateral flexor half-centre was inhibited by sartorius group II muscle afferents.

Data from the present study also provide further evidence for the strong mutual 

inhibitory connection between contralateral flexor half-centers (Lundberg 1981). Whether 

stimulation of the sartorius nerve produced an inhibitory or excitatory effect on flexor burst 

duration and cycle duration, flexor muscles from both hindlimbs were never active at the 

same time (e.g. Fig. 4.6A and C). A  particularly strong example of this is shown in figure 

4.6C. In this case, stimulation of the sartorius nerve at 5 T  significantly prolonged ongoing 

flexor activity (by almost double) yet contralateral flexor activity did not resume until the 

ipsilateral flexor bursts ended. Another aspect of the group II effect on the flexor half­

centre is exemplified in figure 4.6A. In this case, 5 T  sartorius nerve stimulation resulted in 

a dramatic shortening of ongoing flexor activity. Yet, resetting to contralateral flexion did 

not necessarily occur. Presumably the level of inhibition from the sartorius group II afferents 

can be modulated, to determine whether resetting of the locomotor rhythm to contralateral 

flexion is enabled or not (indicated by the grey-shaded dot in pathway 2, Fig. 4.7B).
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4-4.3 Functional Implications and Concluding Remarks

Results from this study further support the idea that sartorius group I muscle

afferents support and, if necessary, augment ongoing flexor activity during treadmill

locomotion. Such mechanisms could serve important roles in modulating the level of flexor

activity in response to different locomotor tasks, such as uphill walking (Carlson-Kuhta et

al. 1998) or stepping over obstacles (McFadyen et al. 1999). We have also shown data

supporting the idea that the sartorius group II afferents have access to both inhibitory and

excitatory pathways to the ipsilateral flexor half-centre. This would provide the flexibility

that is necessary during the swing phase of locomotion when a variety of potentially

unstable conditions is often unexpectedly encountered. In such situations, stereotyped

reactions to a given input (e.g. muscle length from secondary muscle spindles) may not

always provide functional or helpful responses during the swing phase.
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5.1 Introduction
The ability to adjust the motor output of the hindlimb during the swing phase of 

walking is essential if an animal is to traverse over constantly changing and unpredictable 

terrain. During the swing phase of walking, the trajectory of the leg must be precisely 

regulated to avoid hitting obstacles in its path and the subsequent placement of the paw is 

important in order to ensure and maximize stability for the ensuing support phase. Indeed, 

the precise control required for the swing phase of locomotion is underlined by observations 

that cortical and descending input play essential roles during skilled locomotor tasks, which 

require such precise regulation of limb trajectory (e.g. stepping over obstacles) and 

placement of the foot or paw (e.g. stepping along a horizontal ladder) (Beloozerova and 

Sirota 1993; Widajewicz et al. 1994; Kably and Drew 1998; Prentice and Drew 2001).

How are the neural commands that are used to avoid obstacles during locomotion 

altered in response to changes to the biomechanical or neuromuscular properties of the 

limb? The sensitivity of the locomotor rhythm generator to sudden, short-lived alterations 

in proprioceptive or cutaneous inputs from the limb has been examined in detail by a 

variety of investigators (e.g. Pearson 1995; Rossignol 1996; Zehr and Stein 1999; Duysens 

et al. 2000). An important consequence of this sensitivity is that it can be exploited by the 

locomotor system to detect sustained changes in limb properties and thus gradually adjust 

the locomotor output to meet the new demands of the altered system. One example of this 

is the adaptive increase in the activity of the ankle extensor muscle medial gastrocnemius 

(MG) during the stance phase of walking following denervation of its synergist muscles 

(Whelan et al. 1995; Whelan and Pearson 1997; Misiaszek and Pearson 2002). This
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adaptive increase has been shown to involve an increase in the gain of feedback pathways 

from MG muscle afferents to the locomotor pattern generator (Whelan and Pearson 1997), 

to the MG motoneurons (Pearson et al. 1999; Pearson and Misiaszek 2000), and an 

increase in central drive from the locomotor pattern generator or descending inputs 

(Gritsenko et al. 2001). Descending input also plays an important role in the adaptive 

changes to the locomotor pattern following ankle flexor neurectomy since spinalization 

following adaptation to a denervation injury reveals disorganized locomotor patterns that 

were not present when supraspinal input was intact (Carrier et al. 1997).

Adaptive changes to the locomotor pattern can also occur in response to 

proprioceptive changes not associated with nerve injury. For example, decerebrate ferrets 

adapted to the presence of a rod in front of their forelimb by increasing their forelimb 

trajectory during treadmill locomotion (Lou and Bloedel 1988). Removal of the obstacle 

revealed a persistent increase in paw trajectory, which gradually returned to control levels. 

Similar after-effects are also observed in human subjects after a period of walking on a 

circular treadmill (Gordon et al. 1995; Weber et al. 1998) after walking on a split-belt 

treadmill (Prokop et al. 1995), and after running on a treadmill (Anstis 1995). The 

significance of the observation of an after-effect indicates that a long-term adaptive change 

(learning) had occurred to adjust the motor program to the constant perturbation. Removal 

of the disturbance reveals this adaptive learning in the form of an exaggerated movement 

(e.g. persistent high stepping after removal of the obstacle to forelimb swing trajectory (Lou 

and Bloedel 1988)). In other words, the animal had learned to perform the motor task in 

the presence of the disturbance by adjusting some parameter of the motor output. W hen 

the disturbance is removed, the adjustments remained and produced the after-effect. After­
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effects are usually short-lived, disappearing soon after the return to control conditions. In 

the case of the decerebrate ferrets, resumption of a normal forelimb trajectory occurred 

within 7 steps after removal of the rod (Lou and Bloedel 1988). Thus, the motor program 

can re-adapt to control conditions once the disturbance is removed.

The objective of the present study was to examine whether long-term adaptation 

was involved in the response to additional load of the hindlimb during obstacle avoidance 

in intact cats. The additional weight was applied such that the main effect of loading would 

occur during the swing phase and further challenge the ability to clear the obstacle. Both 

short-term (immediate) and long-term (more gradual) adaptive strategies were observed in 

the animals tested. Short-term, immediate adaptations suggest on-line, moment-to-moment 

responses to changes in sensory feedback. The more gradual, long-term adaptations suggest 

changes in the locomotor output due to the effects of training and experience with the 

extra weight (learning).

5.2 Methods
Data was obtained from 3 adult cats (2 female, 1 male) weighing between 3 and 4 

kg. All experimental procedures were approved by the University of Alberta Health 

Sciences Animal Welfare Committee.

5.2.1 Preparation and Training

Cats were trained to walk along a custom-built horizontal walkway (2.48 m long,

0.23 m wide) with a wooden obstacle (6 cm high, 3.5 cm wide, 23 cm long) positioned

across the centre of the walkway using food rewards as training incentives. After training

(about 2 weeks for each animal), the animals underwent a sterile surgical procedure to
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implant intramuscular fine-wire recording electrodes (Cooner Wire AS632, Cooner Wire 

Company, Chatsworth CA) in the following muscles of one hindlimb: iliopsoas (IP), 

anterior head of sartorius (SartA), medial head of sartorius (SartM), semitendinosus (ST), 

and medial gastrocnemius (MG). In cat 2, the rectus femoris (RF) muscle was also 

implanted. The IP muscle has primarily a hip flexor action with some lumbar spine flexion. 

The SartA muscle is a hip flexor and knee extensor while the SartM is a hip and knee 

flexor. ST is a hip extensor and knee flexor and RF is a hip flexor and knee extensor. 

Unfortunately, the electrodes in the SartM muscle were damaged partway through the 

experimental period in cat 1 and cat 3, thus only partial data from this muscle can be 

presented. Electrode leads were threaded under the skin to a connector affixed externally to 

the top of the skull. To eliminate cutaneous input from the skin around the shank of the leg 

and dorsum of the paw, the sural, saphenous, and superficial peroneal nerves were 

transected. Following surgery, animals recovered in an incubator and were administered 

analgesics.

After recovery (2 to 3 days post-surgery), electromyographic (EMG) and video 

recording commenced. Markers were painted on the skin overlying the bony landmarks of 

the hip (greater trochanter), knee (knee joint line), ankle (lateral malleolus of the tibia), 

and metatarsal-phalangeal (head of the 5th metatarsal) joints.

Experiment 1: After collecting baseline data (1 to 2 days), a weight, weighing 100 

grams, was taped to the cat’s shank while the cat was anesthetized. The mass of the extra 

weight was equivalent to the mass of the shank segment, or 1/3 of the total mass of the 

hindlimb. The weight was a long strip of lead (2.5 cm wide, 16.5 cm long, and 3 mm thick) 

and was firmly affixed to the shaven skin over the shank by wrapping it around the shank,
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securing it with athletic tape, and finally binding it with VetWrap™ (3M) to prevent the 

animal from chewing the tape off and detaching the weight. Thus, the animal performed its 

usual daily activities without restrictions, with the weight on at all times during the 

experimental period. Daily activities included 2-4 hours of time outside the cage during 

which animals were seen to roam their housing area, climb, and jump. The remainder of the 

day was spent in their respective cages (which were about 1 m3). Animals were brought to 

the lab once daily and recording of locomotor activity with the weight on continued for 7 

days in cat 1 and for 6 days in cat 2. After this time, the weight was removed and recording 

of locomotor activity continued for 4 days in cat I and for 6 days in cat 2. During each daily 

recording session, the animals performed from 20 to 40 steps over the obstacle (for half of 

these steps, the experimental hindlimb was ipsilateral to the camera).

Experiment 2: In the second experiment, the same procedure as in experiment 1 was 

followed except that the nerve to the ST muscle was exposed and cut under sterile 

procedure before the weight was taped to the leg. Note that the nerve branch to the ST 

muscle travels with the nerve to the posterior biceps (Pb) muscle, thus denervating the ST 

muscle in this way would also eliminate the nerve supply to the Pb muscle (a hip extensor 

and knee flexor muscle). Two cats underwent this procedure to  cut the posterior 

biceps/semitendinosus (PbST) nerve. Cat 1 had been used in experiment 1, but the opposite 

leg was used and only video data was recorded from this cat. In addition, cat 1 often paused 

before stepping over the obstacle during these sets of experiments. Thus, data from this 

aspect of the study will be focused on those obtained from cat 3. In cat 3, the nerve to the 

gracilis muscle was also cut 10 days after the neurectomy of the PbST nerve and addition of 

the weight. The gracilis muscle is a hip extensor and adductor as well as a knee flexor. In
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conjunction with the hamstrings muscles and the flexor digitorum longus muscle, the 

gracilis muscle is active during late stance and early swing to help push the leg off the 

ground and generate the initial lifting of the leg for clearance (Yakovenko et al. 2002). At 

the time of completion of this chapter, analysis on data collected during the period between 

the denervation of the gracilis muscle and the removal of the weight was incomplete. Thus, 

the presentation of results pertaining to experiment 2 will just focus on the effects of PbST 

neurectomy on the response to additional weight and the response after removal of the 

weight. Cat 3 had the weight on for a total of 20 days (after the 10th day, the nerve to the 

gracilis muscle was cut). After the weight was removed from cat 3, recording of locomotor 

activity continued for 3 days. As in experiment 1, about 20 to 40 steps over the obstacle was 

performed by cat 3 during each daily recording session.

5.2.2 Data Analysis

Video data was recorded at 30 frames per second using a Panasonic VHS camera 

(shutter speed: 1/250 s). The video was inspected to identify and select those steps during 

which the animal did not pause during the stepping sequence before it stepped over the 

obstacle. The first and second hindlimbs that step over the obstacle are defined as the 

leading and trailing hindlimbs, respectively. The two-dimensional coordinates of the joint 

markers were then digitized at 30 Hz (Adobe Premiere 4.0, Adobe Systems Inc., San Jose, 

CA). The raw coordinate data was then digitally filtered using a dual-pass, second-order 

Butterworth filter at a low-pass of 10 Hz. Because of slippage of the skin over the knee joint, 

the x- and y-coordinates of the knee were determined trigonometrically using limb segment 

lengths.
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To determine the extent of out-of-plane movement, the length of the segments of 

the leg, as seen by the video camera, was measured from each frame of video. If in any of 

the video frames this length varied by more than 10% from the actual length of the 

segment, measured directly from the animal, the data set from that step was not used in the 

analysis. From the 3 cats, a total of 361 steps were digitized. O f these steps, 86 were rejected 

based on out of plane movement. Cubic spline interpolation was applied to the raw 

coordinate data to increase the sampling rate to 1000 Hz. Visual inspection to compare the 

raw coordinate data with the filtered and splined data confirmed adequate smoothing of the 

data with minimal loss of the real movement trajectory. The filtered and splined coordinate 

data was used to calculate joint angles (hip, knee, and ankle). For the purposes of 

presenting kinematic results, the hip joint angle was defined as the clockwise angle from the 

proximal thigh segment to the horizontal plane. The knee joint angle was defined as the 

clockwise angle from the distal thigh segment to the proximal shank segment. The ankle 

joint angle was defined as the clockwise angle from the proximal foot segment to the distal 

shank segment (see inset stick figure in Fig. 5.1). Thus, for all joints, decreasing values 

correspond with greater flexion. The marker placed over the head of the 5th metatarsal was 

used to plot paw trajectory.

First- and second-order derivation was performed on the filtered and splined 

coordinate data to calculate the velocity and acceleration of the hindlimb segments. 

Because the acceleration profile calculated in this way was often discontinuous due to the 

3rd order of the spline, the acceleration data was passed through a digital Butterworth filter 

(low pass between 25 and 35 Hz) to smooth the data before including it in the calculations 

of intersegmental dynamics. Visual inspection to compare the original acceleration data
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with the filtered data confirmed smoothing of the data with minimal effect on the actual 

acceleration profile. However, some data was inevitably lost during periods when the 

acceleration plot peaked and changed direction. All attempts were made to maximize 

smoothing while minimizing these losses during the peaks of the acceleration profile. Two- 

dimensional inverse dynamic analysis was then performed to calculate the torques (net, 

muscle, gravitational, and interaction) at the hip, knee, and ankle generated during the 

swing phase of stepping over the obstacle using the method described in Hoy and Zemicke 

(1985,1986; also see Appendix 1).

For ease of presentation, kinematic and joint torque plots were normalized to 100% 

of swing phase duration. Since cats were allowed to walk at their own pace, the velocity of 

their stepping was not controlled. The velocity of movement during the swing phase was 

calculated from the displacement of the hip measured by the video recordings. The average 

velocity of cat 1 was 0.80 ± 0.19 m/s. The average velocity of cat 2 was 0.50 ± 0.12 m/s, and 

that of cat 3 was 0.56 ± 0.12 m/s. The velocity of stepping with the weight on was not 

significantly different from that of stepping with no weight within each animal (Student’s t- 

test, p <  0.05) (see Table 5.1).

The analog data (raw EMG signals and force transducer signal) was recorded on 

tape using a Vetter 4000A PCM machine. The EMG analog data filtered with a band-pass 

filter (high pass 10 Hz, low pass 30 Hz), full-wave rectified, and then digitized at a sampling 

rate of 500 Hz and stored on computer using a data acquisition system (Axotape 2.0.2, 

Axon Instruments). Custom written computer software programs were used to average and 

plot the digitized EMG traces for each stepping condition. EMG burst
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Table 5.1. Comparison o f Swing Phase Velocity (m/s) between Cats and between 
Stepping Conditions.
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No Weight W eig h t O n
Cat 1 0.82 ± 0.20 0.72 ±0.13
Cat 2 0.51 ±0.13 0.49 ± 0.09
Cat 3 0.58 ±0.13 0.56 ±0.12
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amplitude was measured over a 100 ms period, usually beginning 50 ms after the onset of 

the burst (indicated by the thick horizontal bars positioned under the EMG records from 

control steps in the relevant figures). For the ST muscle, EMG burst amplitude was 

measured over a 100 ms period beginning at the onset of the burst. For the MG muscle, the 

burst amplitude was measured for 100 ms beginning at the onset of IP burst activity (see 

Fig. 5.10). Differences in kinematic variables and EMG were tested using student’s £>test 

and the significance level was set at p <  0.01. In cases where the data set had a sample size 

of 1, a ?'test was used to assess differences ip <  0.01).

Since the focus of this project was to describe the adaptive strategies to the 

additional weight and not to describe differences between trailing and leading limbs over 

the obstacle, the presentation of the results from experiment 1 will focus mainly on trailing 

steps over the obstacle, for the sake of brevity. Adaptive strategies to the weight were 

similar between leading and trailing steps over the obstacle within each cat. In addition, 

when the PbST nerve was cut (experiment 2), more errors (hitting the obstacle) were 

committed during trailing steps over the obstacle. For these reasons, the results will focus 

mainly on data from the trailing limb. However, some differences in the kinematic and 

EMG patterns did emerge between trailing and leading steps over the obstacle, and these 

will be briefly discussed.

5.3 Results

Loading the limb during the swing phase of walking was achieved by affixing a lead 

weight to the shank. Cats were required to step over a 6.5 cm high obstacle (about 25% of 

total hindlimb length) while walking along a horizontal platform. This study examined the
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adaptive modifications made by the cats in response to loading of the limb while performing 

this skilled locomotor task.

5.3 .1 Obstacle Avoidance with Loading o f the Limb -  Trailing over the Obstacle

Data from 2 cats are presented in the first part of this study. Although both cats

showed evidence for long-term adaptation to the extra weight on their limbs, they each

showed different adaptive strategies. For this reason, the data from each cat will be

presented separately.

5.3.1a Cat 1 -  Kinematics and EMG Patterns

Figure 5.1 summarizes the overall kinematic results recorded during trailing steps

over the obstacle from cat 1. W hen the weight was added, there was an immediate increase

in paw trajectory height (p <  0.01, Fig. 5.ID) and knee and ankle flexion (thick solid lines,

Fig. 5.1A). These variables increased to an even greater degree by Day 1 with the weight on

(p <  0.01, Fig. 5.1C and D) (dotted lines, Fig. 5.1A). By Day 5 with the weight on,

movement of the limb generally returned to control values (thin solid lines, Fig. 5.1A).

W hen the weight was removed from cat 1, after-effects were observed as a persistent

increase in paw trajectory, which lasted through Day 1 (thick solid line and dotted line, Fig.

5.IB). The maximum paw trajectory height on Day 0 after weight removal was significantly

greater than control (p <  0.01, Fig. 5 .ID). Knee flexion angle also tended to be greater

than control on Day 0 after weight removal, but this was not significant (Fig. 5.IB). By Day

3 after the weight was removed, paw trajectory and joint angles returned to close to control

values (Fig. 5.1B-D).

Figure 5.2 shows the muscle activation patterns from trailing steps over the obstacle 

from cat 1. There was an immediate increase in ST and IP amplitude (Fig. 5.2A). The
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Figure 5 .1. Cat 1 -  Kinematic Patterns from Trailing Steps over the Obstacle.

Paw trajectory and joint angle profiles from the hindlimb of cat I during trailing

steps over the obstacle with the weight on (A) and after the weight was removed (B). 

Smaller values correspond with greater flexion at the joints (see inset stick figure). Thin 

solid line with gray shading represents the averaged values from control steps and 

standard deviation of control steps (respectively). Each trace was normalized to 100% of 

the swing phase, beginning at paw lift-off. The number of steps (n) contributing to each 

average is indicated. C. Scatterplot graph of the slope of the paw trajectory during control 

steps and steps taken with the weight on and after the weight was removed. D. 

Scatterplot graph of the peak height of the paw trajectory during control steps and steps 

taken with the weight on and after the weight was removed. In both C  and D, average 

and standard deviation values from control steps are also indicated by the solid and 

dotted lines, respectively. Error bars represent standard deviation. Asterisks (*) represents 

significant differences compared to control values (p <  0.01).
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Figure 5.2.Cat 1 -  E M G  Patterns from Trailing Steps over the Obstacle.

EMG patterns from the IP, SartA, SartM, and ST muscles from cat 1 during

control steps and steps taken with the weight on (A) and after the weight was removed

(B). Thick black bars underneath EMG traces from control steps indicate the period of

the burst from which average EMG amplitude was measured. All EMG bursts are aligned

to 100 ms before the onset of the IP burst. The number of steps (n) contributing to each

average is indicated. C. Quantification of the change in IP, SartA, SartM, and ST EMG

burst amplitude, expressed as a percentage of control. Asterisks (*) represents significant

differences compared to control values (p <  0.01).
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increase in ST burst amplitude was significantly greater than control on Day 0 with the

weight on and IP burst amplitude was significantly elevated on Days 0 and 5 with the

weight on (p < 0.01, Fig. 5.2C). After the weight was removed, only IP burst amplitude

remained elevated compared to control levels (Fig. 5.2B and C). IP burst amplitude

remained elevated for up to 3 days after removal of the weight. No significant differences in

SartA and SartM burst amplitude were measured.

5.3.lb  Cat 2 -  Kinematics and EMG Patterns

In cat 2, the trajectory of the paw and joint excursions were slightly lower on the

same day as the weight was applied (Fig. 5.3A). Peak knee flexion on Day 0 with the weight

on was actually lower than control values (p <  0.01) and was close to control values from

Day 1 to Day 3 with the weight on (Fig. 5.3D). It was not until Day 4 with the weight on

that there was an increase in paw trajectory and hip and knee flexion (Fig. 5.3A and C).

W hen the weight was removed from cat 2, after-effects were observed as an increase in paw

trajectory as well as a persistent increase in peak hip and knee flexion angle (thick solid

lines, Fig. 5.3B). Maximum hip and knee flexion was significantly greater than control on

Day 0 after the weight was removed (p <  0.01, Fig. 5.3C). A  gradual return to control

levels was not observed after the weight was removed, even after 6 days after the weight was

removed. Peak hip and knee flexion angles tended to remain elevated above control values,

although this difference was not statistically significant (Fig. 5.3C).

When the weight was added to cat 2, there was initially little change in the

magnitude of ST activity while IP, SartA, and SartM activity appeared greater than control

(Fig. 5.4A). Only the increase in SartM amplitude was significant when the weight was

added (p < 0.01, Fig. 5.4C). By Day 4, ST burst amplitude was also significandy greater
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Figure 5.3. Cat 2 -  Kinematic Patterns from Trailing Steps over the Obstacle.

Paw trajectory and joint angle profiles from the hindlimb of cat 2 during trailing

steps over the obstacle with the weight on (A) and after the weight was removed (B). 

Smaller values correspond with greater flexion at the joints (see inset stick figure). Thin 

solid line with gray shading represents the averaged values from control steps and 

standard deviation of control steps (respectively). Each trace was normalized to 100% of 

the swing phase, beginning at paw lift-off. The number of steps (n) contributing to each 

average is indicated. C. Scatterplot graph of the peak hip flexion angle during control 

steps and steps taken with the weight on and after the weight was removed. D. 

Scatterplot graph of the peak knee flexion angle during control steps and steps taken with 

the weight on and after the weight was removed. In both C and D, average and standard 

deviation values from control steps are also indicated by the solid and dotted lines, 

respectively. Error bars represent standard deviation. Asterisks (*) represents significant 

differences compared to control values (p <  0.01).
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Figure 5.4. Cat 2 -  EM G  Patterns from Trailing Steps over the Obstacle.

EMG patterns from the IP, SartA, SartM, ST, and RF muscles from cat 2 during

control steps and steps taken with the weight on (A) and after the weight was removed

(B). Thick black bars underneath EMG traces from control steps indicate the period of

the burst from which average EMG amplitude was measured. All EMG bursts are aligned

to 100 ms before the onset of the IP burst. The number of steps (n) contributing to each

average is indicated. C. Quantification of the change in IP, SartA, SartM, and ST EMG

burst amplitude, expressed as a percentage of control. Asterisks (*) represents significant

differences compared to control values (p <  0.01).
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than control values (p < 0.01, Fig. 5.4C). The increase in ST burst amplitude coincides 

with the appearance of higher stepping in this cat at this time (see Fig. 5.3A). Generally, 

there was little change in the RF activity, although there was some greater flexor phase 

activity on Day 4 with the weight on (Fig.5.4A), which again coincides with the appearance 

of higher stepping. W hen the weight was removed, there was a persistent augmentation in 

flexor muscle activity, particularly in the ST and SartM muscles, both of which have flexor 

action at the knee (Fig. 5.4C). For up to 6 days after removal of the weight, the activity in 

the ST and SartM muscles tended to remain elevated, corresponding with the persistent 

elevation in limb flexion (see Fig. 5.3B).

5.3.2 Leading Steps vs. Trailing Steps over the Obstacle -  Kinematics and EM G  
Patterns

The adaptive strategies to the additional weight during leading steps over the 

obstacle were similar to those during trailing steps for each cat. Cat 1 showed the immediate 

increase in knee flexion associated with a significant increase in ST EMG activity during 

leading steps over the obstacle (data not shown). Cat 2 initially showed a decrease in hip 

and knee flexion but after the first full day with the weight on, peak hip and knee flexion 

was significantly greater than control. Associated with this was a significant increase in ST 

EMG amplitude (data not shown). Both animals also showed after-effects (persistent high 

stepping) after removal of the weight during leading steps over the obstacle. The after­

effects during leading steps over the obstacle lasted for the same number of days as observed 

during trailing steps over the obstacle for each cat.

In experiment 2, differences in the recovery to error-free clearance over the obstacle 

after adding the weight and PbST nerve cut were seen between leading and trailing steps
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(see next section, 5.3.3). For this reason, general differences between the kinematic and 

EMG patterns during leading and trailing steps over the obstacle will be summarized in this 

section from animals without PbST nerve cut (Fig. 5.5). Data from cat 1 will be presented 

as an example, using control stepping data from figures 5.1 and 5.2 (trailing steps) to 

compare with control steps of leading steps over the obstacle. Cat 2 showed similar 

kinematic and EMG patterns of activity during leading steps over the obstacle (data not 

shown).

The most striking difference between leading and trailing steps over the obstacle is 

the greater extension at the hip at the beginning of the swing phase (Fig. 5.5A). A t the 

beginning of swing, the average hip angle during leading steps over the obstacle was 97 

degrees while that during trailing steps was 110 degrees. This difference was statistically 

significant (p <  0.01). Associated with this was an earlier onset of activity in the ST muscle 

(a hip extensor and knee flexor) during trailing steps over the obstacle (Fig. 5.5B). In 

addition, peak hip and ankle flexion were significandy greater during leading steps over the 

obstacle compared with trailing steps (p < 0.01, Fig. 5.5A). Activity in the hip flexor 

muscles (IP, SartA, and SartM) also tended to be higher during leading steps, although this 

was not significantly greater than that during trailing steps (Fig. 5.5B).

5.3.3 Obstacle Avoidance with Loading o f the Limb and PbST Denervation

A  striking observation during the first part of this study was the obvious recruitment

of greater knee flexion that coincided with high stepping over the obstacle when the weight 

was added. This was apparent in both animals studied and for both leading (data not 

shown) and trailing steps over the obstacle. Associated with this was an increase in ST
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Figure 5.5. Comparison o f Kinematic and E M G  Patterns during Leading and Trailing 
Steps over the Obstacle

A. Paw trajectory and joint angle profiles from the hindlimb of cat 1 during leading 

(thin line surrounded by dark gray shaded area) and trailing steps (thin line surrounded 

by light gray shaded area) over the obstacle during the control condition. Smaller values 

correspond with greater flexion at the joints (see inset stick figure). Shaded area 

represents the standard deviation. Each trace was normalized to 100% of the swing phase, 

beginning at paw lift-off. The number of steps (n) contributing to each average is 

indicated. B. EMG patterns from the IP, SartA, SartM, and ST muscles from cat 1 during 

control steps. All EMG bursts are aligned to 100 ms before the onset of the IP burst. The 

onset of the IP burst is indicated by the thin dashed line drawn through all the EMG 

traces. Note the earlier onset of ST activity compared with the onset of IP activity during 

trailing steps over the obstacle.
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activity. Strategies that involved increases in hip or ankle flexion were also observed, but

not as consistently between the animals or stepping conditions. Based on this singular role

of the knee in participating in the adaptive strategies to the added weight, we wished to

determine how adaptation to the weight was affected if knee flexor activity was impaired.

To address this question, the nerve to PbST was exposed and cut immediately before

affixing the weight to the shank (see Methods), thus preventing any force generation or

sensory feedback from the Pb and ST muscles.

5.33a Incidence of Errors

W hen the PbST was denervated and the weight was added to the leg, cats were

unable to step over the obstacle without contacting it. In contrast, contact with the

obstacle never occurred with the weight on when the PbST was left intact. Figure 5.6

illustrates the number of errors (failure to clear the obstacle) committed by 2 animals with

PbST neurectomy while they stepped over the obstacle with the weight on. W hen the leg

was leading over the obstacle, the number of errors was relatively high in cat 3 (about 90%

of all stepping trials) on the same day that the weight was added (asterisks symbols, Fig.

5.6A). By the next day, cat 3 had no errors when the leg was leading over the obstacle. Cat

I maintained a low incidence of errors throughout the testing period, until about Day 9

(filled circle symbols, Fig. 5.6A). In cat 3, the nerve to the gracilis muscle was cut 14 days

after the initial denervation of the PbST muscle. W hen this was done, there was no effect

on the number of errors committed while stepping over the obstacle, except on Day 6 when

the limb contacted the obstacle once out of 18 steps taken on this day (6% error rate)

(filled circle symbols, Fig. 5.6A).
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Figure 5.6. Number o f Errors after Addition o f the Weight and PbST Neurectomy 
during Obstacle Avoidance.

A. Incidence of errors (hitting the obstacle) during leading steps over the obstacle 

in cats with PbST neurectomy. The period after which neurectomy of the gracilis nerve is 

also indicated. Each cat is plotted separately. The incidence of errors progressively 

decreased over the first week with the weight on. There was no contact with the obstacle 

after the weight was removed. B. Incidence of errors during trailing steps over the 

obstacle in cats with PbST neurectomy, and in cat 3, gracilis neurectomy. Recovery of 

successful clearance over the obstacle when the limb was trailing was more gradual than 

during leading steps over the obstacle and was incomplete in cat 3. There was no contact 

with the obstacle after the weight was removed, except on Day 1 in cat 3.
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W hen the leg was trailing over the obstacle, the cats had more difficulty in clearing 

the obstacle. Cat 1 continued to make errors until Day 12 with the weight on after PbST 

nerve cut (filled circle symbols, Fig. 5.6B). Cat 3, on the other hand, showed a progressive 

improvement in performance until Day 6. Thereafter, performance fluctuated and never 

completely recovered (asterisks symbols, Fig. 5.613). After the nerve to the gracilis muscle 

was cut in cat 3, there was an initial decrement in performance compared with the previous 

day. By the 3 rd day after gracilis muscle denervation, performance levels returned to 

previous values (asterisks symbols, Fig. 5.6B).

W hen the weight was removed, the paw never contacted the obstacle in cat I for 

either stepping condition (Fig. 5.6A and B, filled circle symbols). In cat 3, the paw could 

clear the obstacle for the majority of the steps taken after the weight was removed, with the 

exception of Day 1 with the weight off when errors were committed in 3 out of 21 trailing 

steps (14% of the steps). Recall that cat 3 had neurectomy of the gracilis nerve by this time 

(see Methods). This neurectomy combined with the PbST nerve cut could have 

contributed to the appearance of errors even after the weight was removed.

The following sections will focus on data collected from cat 3 since a more complete 

data set was collected from this animal. Furthermore, as stated in the Methods section, cat 

1 often paused before stepping over the obstacle and this behaviour may have contributed 

to the observation that there was a low level of errors when the leg was leading over the 

obstacle (filled circles, Fig. 5.6A).

5.3.3b Leading Steps over the Obstacle — Kinematics, EMG Patterns, and Joint Torques

The overall kinematic patterns from leading steps over the obstacle from cat 3 are

illustrated in figure 5.7. O n the same day that the weight was added, dragging of the paw
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Figure 5.7. Kinematic Patterns from Leading Steps over the Obstacle after PbST  
Neurectomy.

Paw trajectory and joint angle profiles from the hindlimb of cat 3 during leading 

steps over the obstacle with the weight on (A) and after the weight was removed (B). 

Smaller values correspond with greater flexion at the joints (see inset stick figure). Thin 

solid line with gray shading represents the averaged values from control steps and 

standard deviation of control steps (respectively). Each trace was normalized to 100% of 

the swing phase, beginning at paw lift-off. The number of steps (n) contributing to each 

average is indicated. C. The position of the hip marker during control steps (thin solid 

line surrounded by dark gray shaded area), steps taken on Day 0 with the weight on 

(thick solid line), and steps taken on Days 1-10 with the weight on (thin solid line 

surrounded by light gray area) was plotted over the normalized duration of the swing 

phase. Shaded areas represent standard deviation. Hip position was significantly higher 

during steps taken on Days 1-10 with the weight on (paired t-test, p  <  0.01). D. 

Scatterplot graphs of the slope of the paw trajectory (left panel) and of the maximum paw 

trajectory height (right panel) during control steps and steps taken with the weight on 

and after the weight was removed. Average and standard deviation values from control 

steps are also indicated by the solid and dotted lines, respectively. Error bars represent 

standard deviation. Asterisks (*) represents significant differences compared to control 

values (p < 0.01). Filled diamond symbols represent steps taken with the weight on that 

hit the obstacle during the swing phase. Asterisks symbols represent steps taken with the 

weight on that cleared the obstacle during the swing phase. O pen symbols (circles, 

triangles, and squares) represent steps taken after the weight was removed.
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was evident (thick solid line, Fig. 5.7A) and the slope of the paw trajectory on this day was 

significantly lower compared to control (p <  0.01, Fig. 5.7D, left panel). During the first 3 

steps after the weight was added, the maximum paw trajectory height was also significantly 

less than control (p < 0.01, Fig. 5.7D, right panel). Errors (hitting the obstacle) were 

committed in all steps taken on this day. The deficit in paw trajectory appeared to be 

primarily due to a deficit in knee flexion particularly over the initial half of the swing phase 

(Fig. 5.1 A ). By Day 1 with the weight on, paw trajectory slope returned to control values 

while the height of the paw trajectory was significantly higher than control levels (p <  0.01, 

Fig. 5.70). Paw trajectory height was generally elevated throughout the period with the 

weight on. These observations corresponded with the fact that the cat was able to clear the 

obstacle during leading steps after Day 1 with the weight on. Curiously, any increase in hip, 

knee, or ankle joint flexion was not observed in association with greater paw trajectory 

height (Fig. 5.7A). However, the position of the hip was elevated compared to control on 

Day 1 to Day 10 with the weight on (light-gray shaded area, Fig. 5.7C). Elevation of the hip 

was not seen on Day 0 with the weight on (when the paw always contacted the obstacle) 

(thick black line, Fig. 5.7C). Thus, elevation of the hip could have been a strategy that was 

used to elevate the paw over the obstacle.

When the weight was removed, after-effects were seen as an increase in paw 

trajectory slope and height. The steeper paw trajectory corresponds with the steeper hip 

excursion during the initial half of swing in these steps (Fig. 5.7B). This after-effect was 

short-lived, however, as it lasted for only a few steps after removal of the weight (Fig. 5.7C). 

Due to out-of-plane movement, only 2 steps after removal of the weight (the 4th and 8th 

steps) were included in the analysis. The 4th step (first data point in the scatterplot) is
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representative of the first 3 steps insofar as high stepping was observed. Both paw trajectory 

slope and peak height were significantly higher compared to control in the 4th step after the 

weight was removed. By the 8th step after the weight was removed, these variables returned 

to control values. O n the 1st day after the weight was removed, the slope of the paw 

trajectory was significantly lower than control values (p <0.01, Fig. 5.7C, left panel) while 

peak paw trajectory height was control values (Fig. 5.7C, right panel). Recall that by the 

time the weight was removed, the nerve to the gracilis muscle had also been transected (see 

Methods).

O n the same day that the weight was added, there was an increase in IP, SartA, and 

SartM burst amplitude. The increase in SartA and SartM burst amplitudes were 

significantly greater than control on this day (p < 0.01, Fig. 5.8C). For the remainder of the 

period with the weight on, however, the amplitude of the IP and SartA muscles was not 

different from control and in fact tended to be lower than control. The higher IP and SartA 

amplitude on Day 0 with the weight on might have been related to the fact that the paw 

always contacted the obstacle on this day and thus represents a phasic reflex response 

(represented by gray-shaded bars in Fig. 5.8C). O n the other hand, the increase in SartM 

burst amplitude persisted throughout the testing period with the weight on. Unfortunately, 

the recording electrodes for the SartM muscle were damaged after the weight was removed, 

so whether there was a persistent increase in SartM burst activity after removal of the 

weight could not be evaluated.

Calculations of muscle torques in this cat were valuable since good EMG recordings, 

lasting through the duration of the experimental period, were obtained from only a few 

muscles. In the plots in figure 5.9A, averages of muscle torques from steps taken on Day 1
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Figure 5.8. Muscle Activation Patterns from Leading Steps over the Obstacle after PbST  
Neurectomy.

EMG patterns from the IP, SartA, SartM, and MG muscles from cat 3 during 

control steps and steps taken with the weight on (A) and after the weight was removed 

(B). Thick black bars underneath EMG traces from control steps indicate the period of 

the burst from which average EMG amplitude was measured. All EMG bursts are aligned 

to 100 ms before the onset of the IP burst. The number of steps (n) contributing to each 

average is indicated. C. Quantification of the change in IP, SartA, and SartM EMG burst 

amplitude, expressed as a percentage of control. Gray shaded bars in  the bar graphs 

indicate that all the steps represented in the average were those that hit the block during 

the swing phase. Asterisks (*) represents significant differences compared to control 

values (p <  0.01).
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Figure 5.9. Joint Torques during Leading Steps over the Obstacle after P bST  
Neurectomy.

Torques generated at the hip, knee, and ankle during control, weight on (Day 1), 

and weight off steps in cat 3. A. Thick solid line represents averaged gravity torque, thin 

solid line represents averaged interaction torques, and thin solid line with gray shaded 

area represents averaged muscle torque and standard deviation, respectively. Positive 

values indicate extensor torques and negative values indicate flexor torques. All traces 

are aligned to the onset of swing and normalized to 100% of swing phase duration. The 

number of steps (n) contributing to each average is indicated. Muscle torques in each 

condition were averaged over the first half of the swing phase and plotted in the 

scatterplots illustrated in B. Error bars represent standard deviation. Asterisks (*) 

represents significant differences compared to control values (p <  0.01).
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with the weight on are presented. This was the first day in which all the leading steps 

successfully cleared the obstacle (see Fig. 5.6A). In these steps, there was greater generation 

of hip flexor muscle torque during the first part of the swing phase (Fig. 5.9A). This was 

short-lived, however, as hip muscle torque quickly reversed to an extensor torque. 

Thereafter, hip muscle torque became increasingly more flexor through to the end of the 

swing phase, rather than reverse to the usual decelerating hip extensor muscle torque that 

typically occurs at this time (compare with control stepping) (Fig. 5.9A). A  possible 

explanation for this is that the generation of hip flexor muscle torque was a compensatory 

action to counteract a greater force of gravity due to the extra weight on the leg. Analysis of 

gravity torques at this time showed a higher level of torque due to gravity at the end of the 

swing phase that would have tended to pull the hip back into extension (Fig. 5.4A, middle 

panel). Thus, it is possible that this greater generation of hip flexor muscle torque was 

recruited to counteract the greater force of gravity tending to extend the hip at the end of 

swing. A t the knee, there was more flexor muscle torque generated during swing when the 

weight was on despite denervation of the Pb and ST muscles (Fig. 5.9A, middle panel). 

Recruitment of SartM activity likely contributed to compensate for the loss of input from 

the Pb and ST muscles in producing knee flexion as well as assisting with hip flexion (Fig. 

5.8). A t the ankle, there was generally more flexor muscle torque throughout swing (Fig. 

5.9A, middle panel).

The muscle torque was averaged over the first 50% of the swing phase and plotted 

in figure 5.9B. Negative values correspond with flexor muscle torques. W hen the weight 

was on, muscle torques generated at the hip, knee, and ankle were generally greater than 

control values (p <  0.01, Fig. 5.9B). W hen the weight was removed, after-effects were
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discerned only by a short-lived persistent increase in paw trajectory slope and height (see 

Fig. 5.7B and C). A persistent increase in hip and ankle flexor muscle torque was measured 

on the same day the weight was removed (p <  0.01). This does not correspond with any 

change in EMG patterns. However, due to the limited number of EMG recordings 

available, changes in muscle activity were likely missed. Knee flexor muscle torque was 

significantly lower than control values (p <  0.01), which was not surprising given the 

denervations of the PbST and gracilis muscles and coinciding with the lower knee angle 

excursion compared with control values (Fig. 5.7A).

5.3.3c Trailing Steps over the Obstacle -  Kinematics, EMG Patterns, and Joint Torques

More errors were observed during trailing steps over the obstacle after the weight

was added in cat 3. O n the same day that the weight was added, there was a significant

decrease in the trajectory of the paw (p <  0.01, Fig. 5.10A and D). This was associated with

a deficit in hip, knee, and ankle flexion (Fig. 5.10A). Although the slope of the paw

trajectory gradually increased towards control levels over the 10 days with the weight on, it

never achieved the same values as during control steps. In fact, paw trajectory slope was

persistently lower than control values for the duration of this period (p <  0.01, Fig. 5.10D,

left panel). This could account for the fact that recovery of error-free stepping over the

obstacle was incomplete in this condition. O n the other hand, peak paw trajectory height

did return to control values by Day 1 with the weight on and remained at this level

throughout the period with the weight on (Fig. 5.10D, right panel). However, neither the

slope nor the peak height of the paw trajectory could account for the presence or absence of

errors since, for example, a relatively steeper paw trajectory was occasionally measured, yet

the paw still hit the obstacle (compare filled diamond with asterisks symbols, Fig. 5.10D, left

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.10. Kinematic Patterns from Trailing Steps over the Obstacle after PbST
Neurectomy.

Paw trajectory and joint angle profiles from the hindlimb of cat 3 during trailing 

steps over the obstacle with the weight on (A) and after the weight was removed (B). 

Smaller values correspond with greater flexion at the joints (see inset stick figure). Thin 

solid line with gray shading represents the averaged values from control steps and 

standard deviation of control steps (respectively). Each trace was normalized to 100% of 

the swing phase, beginning at paw lift-off. The number of steps (n) contributing to each 

average is indicated. C. The position of the hip marker during control steps (thin solid 

line surrounded by dark gray shaded area) and during steps taken on the same day the 

weight was removed (thin solid line surrounded by light gray shaded area) was plotted 

over the normalized duration of the swing phase. Shaded areas represent standard 

deviation. Hip position was significantly higher during steps taken after the weight was 

removed (paired t-test, p <  0.01). D. Scatterplot graphs of the slope of the paw trajectory 

(left panel) and of the maximum paw trajectory height (right panel) during control steps 

and steps taken with the weight on and after the weight was removed. Average and 

standard deviation values from control steps are also indicated by the solid and dotted 

lines, respectively. Error bars represent standard deviation. Asterisks (*) represents 

significant differences compared to control values (p <  0.01). Filled diamond symbols 

represent steps taken with the weight on tha t hit the obstacle during the swing phase. 

Asterisks symbols represent steps taken with the weight on that cleared the obstacle 

during the swing phase. Open symbols (circles, triangles, and squares) represent steps 

taken after the weight was removed.
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panel). However, the marker used to calculate paw trajectory was actually placed over the 

head of the 5th metatarsal and thus would not have detected flexion or extension at the 

toes. Such movement at the toes could have caused contact with the obstacle during the 

swing phase.

In  the scatterplots in Fig. 5.10D, the steps represented by the data points grouped 

under Day 0 after Weight O ff represent steps 2 to 17 immediately after removal of the 

weight. After-effects were seen as an elevation in the height of the paw trajectory (p < 

0.01) and by the increase (to control values) in paw trajectory slope during the same day 

that the weight was removed (Fig. 5.10D, open circles). However, this did not correspond 

with any elevation in joint angle flexion. In fact, flexion at the knee and ankle remained 

lower than control levels (Fig. 5.10B). A  possible reason for this is that the position of the 

limb was elevated without any change in the relative joint angles and thus account for only 

the elevation of paw trajectory height. Indeed, this was the case, as seen in figure 5.10C. O n 

the same day that the weight was removed, the position of the hip was significandy higher 

than during control steps (paired t-test, p <  0.01) and thus could account for the higher 

paw trajectory without any corresponding change in relative joint angles. O n Days 1 and 2 

after the weight was removed, the slope of the paw trajectory returned to levels that were 

significantly lower than control (p <  0.01, Fig. 5.10D, left panel) while the peak height of 

the paw trajectory remained at control levels (Fig. 5.10D, right panel). During this period 

after the weight was removed, recall that the paw was seen to contact the obstacle three 

times (Fig. 5.6). These errors could be attributed to the fact that both the PbST and gracilis 

nerves were transected by this time.
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Figure 5.11. Muscle Activation Patterns from Trailing Steps over the Obstacle after 
PbST Neurectomy.

EMG patterns from the IP, SartA, SartM, and MG muscles from cat 3 during 

control steps and steps taken with the weight on (A) and after the weight was removed 

(B). Thick black bars underneath EMG traces from control steps indicate the period of 

the burst from which average EMG amplitude was measured. All EMG bursts are aligned 

to 100 ms before the onset of the IP burst. The number of steps (n) contributing to each 

average is indicated. C. Quantification of the change in IP, SartA, SartM, and MG burst 

amplitude, expressed as a percentage of control. Gray shaded bars in the bar graphs 

indicate that all the steps represented in the average were those that hit the block during 

the swing phase. Asterisks (*) represents significant differences compared to control 

values (p <  0.01).
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Figure 5.11 illustrates EMG patterns when the weight was on and off during trailing 

steps over the obstacle. O n Day 0 with the weight on, there was a significant increase in IP, 

SartA, and SartM burst amplitude (p < 0.01, Fig. 5.11A and C). Activity in the IP and 

SartM muscles, in particular, tended to be significantly elevated throughout the period with 

the weight on (Fig. 5.11C). A curious observation was the burst of activity in the MG 

muscle over the initial part of the swing phase (Fig. 5.11A). During the 10 days with the 

weight on, this pattern of activity in the MG muscle persisted and was usually significandy 

different from control (p < 0.01, Fig. 5.11C). This pattern was not previously observed in 

any other cat or in other walking conditions. It did correlate with the persistent ankle 

extension over the first half of the swing phase (Fig. 5.10A), which could have aided 

clearance over the obstacle during trailing steps. The MG muscle has its origin on the 

femoral condyles and thus also has knee flexor action and could have aided with clearance 

over the obstacle in this way. Analysis of the torques generated at the knee and ankle will 

help to clarify the role of this additional flexor phase activity in the MG muscle (see 

following paragraph). W hen the weight was removed, the elevation in IP burst amplitude as 

well as activation of the MG muscle during the flexor phase of walking persisted (p <  0.01, 

Fig. 5.11C).

In the plots of muscle torque in figure 5.12A, only those trailing steps that 

successfully cleared the obstacle on Day 2 with the weight on are presented. A t the hip, 

muscle torque was more extensor and knee and ankle muscle torque was more flexor over 

the first part of the swing phase when the weight was on. In figure 5.12B, the average 

muscle torque over the first half of the swing phase was calculated from trailing steps that 

cleared the obstacle. The increase in knee flexor muscle torque over the initial half of the
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Figure 5.12. Joint Torques during Trailing Steps over the Obstacle after PbST  
Neurectomy.

Torques generated at the hip, knee, and ankle during control, weight on (Day 1), 

and weight off steps in cat 3. A. Thick solid line represents averaged gravity torque, thin 

solid line represents averaged interaction torques, and thin solid line with gray shaded 

area represents averaged muscle torque and standard deviation, respectively. Positive 

values indicate extensor torques and negative values indicate flexor torques. All traces 

are aligned to the onset of swing and normalized to 100% of swing phase duration. The 

number of steps (n) contributing to each average is indicated. Muscle torques in each 

condition were averaged over the first half of the swing phase and plotted in the 

scatterplots illustrated in B. Error bars represent standard deviation. Asterisks (*) 

represents significant differences compared to control values (p <  0.01).
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swing phase was significant on Day 2 and Day 10 with the weight on (Fig. 5.12B). The fact 

that knee flexor muscle torque was increased at all during the initial half of the swing phase 

is surprising since the Pb and ST muscles were denervated. However, from the EMG 

records, it can be seen that other muscles, which could have knee flexor action (SartM and 

MG), were recruited to compensate for this deficit. Ankle flexor muscle torque also tended 

to be greater when the weight was on, particularly on Day 6 with the weight on (which 

corresponds to the day when the animal made the fewest errors in obstacle clearance (Fig. 

5.6). The fact that ankle muscle torque did not become more extensor over the first half of 

the swing phase suggests that the additional recruitment of MG muscle activity at this time 

(Fig. 5.11) was primarily used to generate additional knee flexor activity. Hip muscle torque 

became more extensor during the first half of the swing phase, particularly by Day 10 with 

the weight on (p <  0.01, Fig. 5.12B).

W hen the weight was removed, hip muscle torque tended to be more flexor than 

control while knee flexor muscle torque was lower than that during control steps 

(significantly lower on Day 1 after removal of the weight, p <  0.01, Fig. 5.12B). Again, this 

was not surprising given the denervation of the Pb and ST muscles. Ankle muscle torque 

was quite variable but tended to be somewhat more flexor than control values.

5.4 Discussion
The main objective of this study was to investigate the adaptive strategies used by 

intact cats to step over an obstacle with additional load on their hindlimb. All results were 

obtained from normal walking cats. In the first experiment, the recording hindlimb was 

intact except for neurectomy of cutaneous nerves supplying the skin around the shank. The
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common observation from both cats was evidence for long-term adaptation (learning) to 

the additional weight. Evidence for this was provided by the fact that after-effects in the 

locomotor pattern were observed after removal of the weight. One of the cats also exhibited 

evidence for an immediate adaptive response to the weight, given by the observation that 

there was high stepping as soon as the weight was added (cat I). The main strategy utilized 

by both cats was an increase in recruitment of knee flexor activity, corresponding with an 

increase in ST or SartM muscle activity. This observation led to the second set of 

experiments where cats underwent an additional procedure to denervate the Pb and ST 

muscles. W hen this was done, the cats had difficulty stepping over the obstacle without 

contacting it (contact with the obstacle never occurred in cats without PbST neurectomy). 

Regardless of the deficit in knee flexion due to PbST neurectomy, the cat could still learn to 

step over the obstacle with the weight on, as indicated by the fact that after-effects were 

observed after removal of the weight.

5 .4 .1 Methodological Considerations

Since cats were freely walking along a horizontal platform, there was no attempt to

control walking speed. Cat 1 tended to walk about 0.30 m/s faster than the other 2 cats

(Table 5.1). Regardless of the differences in walking speed, the analyses focused on

comparisons made within each animal. Furthermore, there was no significant difference in

walking velocity between stepping conditions with the weight off and weight on in each cat

(see Table 5.1). Thus, we felt that normalizing the time scale of the data for comparing

stepping conditions within each cat was a valid method. In addition, a comparison of joint
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angle values for stepping over the obstacle was comparable to those reported previously (see 

Lavoie et al. 1995; McFadyen et al. 1999).

Our inability to digitize the video data at rates higher than 30 Hz may also have 

limited the precision of subsequent kinematic and dynamic calculations. We attempted to 

maximize the data collected, however, by ensuring adequate smoothing of the data before 

splining the raw data. Visual inspection of the splined data compared with the raw data 

helped to verify that the splined data points closely followed the movement trajectory. 

Furthermore, comparison of the data presented here with that from previous kinematic 

analysis of cats stepping over obstacles using a digitization rate of 60 Hz (McFadyen et al. 

1999) yielded very similar results despite possible effects due to differences in individual cats 

and walking speed.

The analysis in this study focused only on activity of the limb during the swing 

phase of locomotion since the added weight would produce a main effect during this period. 

However, we cannot discount any postural modifications that may have occurred in 

preparation for paw clearance against a heavier weight. Indeed, previous investigations have 

revealed anticipatory adaptive mechanisms during the support phase in preparation for 

stepping over an obstacle (Lavoie et al. 1995) and it is possible that some of these 

anticipatory mechanisms were altered in preparation for paw lift-off with the additional 

weight. Lavoie et al. (1995) observed that before paw lift-off, increases in vertical ground 

reaction force with an accompanying increase in extensor muscle activity occurred in the 

limb that was about to step over the obstacle. It was thought that the purpose of the 

increase in vertical force helped to propel the body forward as well as raise the body to 

facilitate clearance of the hindlimb that was about to step over the obstacle (Lavoie et al.
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1995). Some indication of this in the present results was provided by an observation that 

RF activity during late-stance was elevated during leading steps over the obstacle (data not 

shown). In addition, in figure 5.7C, a general elevation of the experimental leg was shown 

that corresponded with an increase in paw trajectory height when the weight was on in cat 

3. Since there was no corresponding change in hip, knee, or ankle joint flexion with the 

increase in paw trajectory height, the heightened elevation of the limb (as indicated by a 

higher hip marker position throughout the swing phase) may have served to help clear the 

obstacle with the weight on. Further experiments with more EMG recordings from both 

flexor and extensor muscles in both hindlimbs are indicated to further understand the 

adaptive mechanisms that occur before paw lift-off to help clear the weighted limb over the 

obstacle.

5.4.2 Knee Flexor Activity Plays an Integral Role in the Adaptive Response to Additional 
Loading of the Umb during Obstacle Avoidance

Animals constantly experience changes in the properties of their limbs throughout a 

lifetime, whether it is due to growth and development, or injury. The results presented in 

the first part of this study showed that the main adaptive strategy to the extra load on the 

leg during obstacle avoidance was an increase in knee flexion, usually associated with an 

increase in ST or SartM amplitude while stepping over the obstacle. Increases in hip or 

ankle flexion were also observed, but to a lesser degree and not as consistently between the 

2 animals. The emergence of mainly a knee flexor strategy may be attributed to the 

placement of the additional weight around the shank. The knee, being the nearest proximal 

joint to the extra weight, is in an optimal position to respond best to the extra weight. In 

addition, the specific task under study (stepping over obstacles) requires the greatest change
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to knee mechanics (Lavoie et al. 1995). Lavoie et al. (1995) reported that when the 

locomotor pattern is adapted from level walking to stepping over obstacles, the main 

strategies at the forelimb is an increase in flexion of the elbow and at the hindlimb, an 

increase in knee flexion. In the hindlimbs, McFadyen et al. (1999) also reported that the 

increase in knee flexion angle was accompanied by an increase in knee flexor muscle power 

and ST activity during the swing phase. Similarly, during obstacle avoidance in human 

walking, there is a switch to a predominant knee flexor strategy from the usual hip flexor 

strategy seen during unobstructed walking (McFadyen and W inter 1991). Moreover, the 

main strategy to emerge from modeling studies of locomotor adjustments during obstacle 

avoidance was also an increase in the recruitment of knee flexor activity (McFadyen et al. 

1994; Taga 1998). The present results indicate that this adaptive strategy is augmented 

further to ensure clearance over the obstacle with additional weight on the leg. Significant 

increases in either the ST or the SartM muscles, which have knee flexor action, were 

always observed in both cats and in both trailing and leading limbs over the obstacle (data 

not shown for leading steps). Increases in the amplitude of the IP or SartA muscles, which 

have flexor action at the hip, were also observed, but they were never statistically significant 

except during the first few days with the weight on during trailing steps over the obstacle in 

cat 1. Furthermore, denervation of the Pb and ST muscles, thus rendering them unable to 

generate force or respond to changes in proprioceptive input, severely diminished the ability 

of the animal to clear the obstacle with the additional weight (Fig. 5.6). Despite the deficit 

induced by the PbST nerve cut in cat 3, additional strategies emerged that compensated for 

the weakness in knee flexor action. Most interesting was the recruitment of MG activity
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when the weight was on during the flexor phase of walking which, together with elevated 

SartM activity, was associated with greater knee flexor muscle torque.

Another aspect of the role of the knee flexors PbST and gracilis muscles during 

obstacle avoidance emerged from experiment 2. In cat 3, even after the weight was removed, 

the slope of the initial rise of paw trajectory, after any after-effects disappeared (Days 1-2 

after weight off), remained lower than control levels (Fig. 5.7 and 5.10). Furthermore, there 

were some errors, although little in number, which were committed even after the weight 

was removed and which could be attributed to the loss of activity in the Pb, ST, and 

gracilis. A  recent report by Yakovenko et al. (2002) argues for the idea that the hamstrings 

muscles (including ST, Pb, semimembranosus) as well as gracilis and the toe flexor, flexor 

digitorum longus (FDL) form a functional muscle group (the ‘retractors’) that work in 

concert to complete propulsive action of the leg during late-stance and produce the initial 

rise in paw trajectory during early swing. Thus, the persistent deficit in the initial slope of 

the paw trajectory after any after-effects disappeared when the weight was removed could 

be attributed to loss of contribution from the Pb, ST, and gracilis muscles in cat 3. This 

functional role of the hamstrings, gracilis, and FDL could also account for the finding that 

while leading steps over the obstacle recovered error-free clearance of the obstacle very 

quickly, the time-line for recovery during the trailing steps over the obstacle was more 

protracted and was incomplete in cat 3. During trailing steps over the obstacle, the limb is 

in a more extended position, particularly at the hip, compared with leading steps at the time 

of paw lift-off (Fig. 5.5A). In this position, extension of the hip in conjunction with knee 

flexion may be important for raising the limb in preparation for clearance. Indeed, the onset 

of ST activity is earlier during trailing steps over the obstacle compared with leading steps
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(Fig. 5.5B; also see McFadyen et al. 1999). During leading steps over the obstacle, the hip is 

in a relatively more flexed position at the time of paw lift-off (Fig. 5.5A) and hip flexor 

muscles may be more important for ensuring clearance over the obstacle during these steps 

(Fig. 5.5B). This idea is supported by McFadyen et al. (1999) who show greater hip flexor 

muscle torque and power at the beginning of the swing phase during leading steps over the 

obstacle compared with trailing steps (also cf. Fig. 5.9B and 5.12B, Average Hip Muscle 

Torque). Thus, removal of input from Pb, ST, and gracilis (3 of the ‘retractor’ muscles) 

(Yakovenko et al. 2002) could account for the greater deficit in obstacle avoidance during 

trailing steps over the obstacle compared with leading steps.

5.4.3 Implications o f After-Effects -  Was There Learning?

In non-rhythmic motor systems controlling discrete movements (such as reaching),

adaptation, or learning of new skills is often discussed in terms of a recalibration or 

adjustment of the motor program generating the output for a specific task (reviewed in 

Kawato 1999). Typically, unexpected removal of the perturbing input reveals the presence 

of this recalibration in the form of an after-effect. After-effects were observed in the present 

study as high stepping after removal of the weight, usually accompanied by persistent 

increases in knee flexor muscles and sometimes in the hip flexor IP. The persistent 

elevation of flexor muscle activity is consistent with the idea that there was a 

reconfiguration in flexor-generating mechanisms of the locomotor system. In the cat with 

PbST neurectomy, investigation of the torque profiles after the weight was removed 

demonstrated a persistent increase in hip and ankle flexor muscle torque at the beginning of 

swing. This suggests that hip and ankle strategies used to adapt to the additional weight
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were more long lasting in nature, possibly involving a reconfiguration of the mechanisms 

producing hip and ankle motor output during locomotion.

W hat were the sensory signals that triggered and mediated the response to 

additional weight on the hindlimb and where was the site of this adaptation? One likely 

source of sensory input was the loading of the flexor muscles when the additional weight 

was added. Previous results from decerebrate walking cats have shown that hip flexor 

muscle activity during the swing phase of locomotion increases in response to 

proprioceptive disturbances that resist forward movement of the limb (Lam and Pearson 

2001). This response is likely mediated by hip flexor muscle afferents that signal load and 

length changes (see Chapter 4). The addition of 100 grams of weight, which effectively 

doubles the mass of the shank, would similarly load the flexor muscles as the limb is raised 

upwards and forwards through the swing phase. Thus, inputs from load- and length- 

sensitive muscle afferents are possible signals that mediate the learning of obstacle 

avoidance with the weight on. Evidence for learning was also obtained in cats with 

denervation of the Pb and ST muscles. In addition to feedback due to the additional weight 

on the limb, error signals due to contact of the paw with the obstacle in these cats are likely 

another source of afferent input that could trigger and mediate adaptations with the weight 

on. Specifically, contact of the paw with the obstacle would activate stretch-sensitive 

muscle afferents, particularly in ankle flexor muscles. Activation of muscle afferents in this 

way might then eventually initiate greater production of flexor activity in the following 

steps in order to avoid contact with the obstacle. Cutaneous signals did not likely play a 

major role in triggering the adaptive responses in these cats since the nerves supplying the 

skin of the shank and paw were denervated.
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Signals from muscle afferents could have mediated both the immediate and the 

long-term adaptive responses via their reflex pathways to flexor motoneurons. In the 

extensor generating system during locomotion, adjustments to the gain of spinal reflex 

pathways are involved in adapting extensor muscle activity in response to ankle extensor 

neurectomy (Whelan and Pearson 1997; Pearson et al. 1999; Pearson and Misiaszek 2000). 

A  similar mechanism could have been involved in mediating the increases in hip or knee 

flexor muscle activity when the weight was on in the present experiments. Indeed, flexor 

motoneurons receive excitatory feedback from homologous load- and length-sensitive 

muscle afferents (Perreault et al. 1995; Degtyarenko et al. 1998; McCrea et al. 2000; 

Quevedo et al. 2000). Thus, it is possible that an increase in gain in these reflex pathways in 

response to the additional loading on the hindlimb was involved in the adaptive increase in 

flexor activity when the weight was on. Proprioceptive feedback pathways could also play a 

role in immediate adaptive responses (those that do not entail long-lasting changes in 

locomotor-generating networks). Such short-term adaptive responses might have produced 

the immediate high stepping seen in cat 1 on the same day that the weight was added. They 

also could have mediated the adaptive knee flexor response during leading steps over the 

obstacle in cat 3. In this case, elevated knee flexor muscle torques when the weight was on 

did not persist after removal of the weight while increases in hip and ankle flexor muscle 

torques were maintained after the weight was removed (Fig. 5.9). The fact that an after­

effect, in terms of a persistent elevation of knee flexor muscle torque, was not observed 

suggests that this strategy was a moment-by-moment adjustment to the locomotor program 

and was not incorporated into a long-term adaptive learning strategy to the additional 

weight on the hindlimb.
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Structures and pathways in the cerebellum are other potential candidates that could 

have been involved in mediating the adaptive responses to the additional weight on the 

hindlimb. The cerebellum has been shown to be involved during motor learning in many 

motor tasks (Gomi et al. 1998; Thach 1998; Kawato 1999; Imamizu et al. 2000). During 

locomotion, inactivation of nitric oxide pathways in the cerebellum was shown to prevent 

the ability of decerebrate cats to adapt to a split-belt treadmill (Yanagihara and Kondo

1996). Humans with cerebellar lesions also show deficits in the adaptation to speed 

perturbations during walking (Rand et al. 1998). In addition, spinal inputs to the 

cerebellum are organized in such a way that would provide a framework for an involvement 

in locomotor adaptations. Proprioceptive inputs from the hindlimb are directly conveyed to 

the cerebellum via dorsal spinocerebellar tracts (DSCT). These neurons receive convergent 

input from a wide variety of sensory receptors, including muscle sensory receptors, from the 

hindlimb and respond to global changes in hindlimb position (end-point position and joint 

angles) (Bosco et al. 2000b; Poppele et al. 2002). Although these observations were 

obtained from anesthetized cats, combining passive hindlimb movements with electrical 

muscle stimulation further supported the kinematic basis of information carried via the 

DSCT (Bosco and Poppele 2000a). Additionally, neurons of the DSCT are active during 

locomotion (Arshavsky et al. 1972). Thus, it is possible that information carried by the 

DSCT signaled changes (or errors) in the kinematic parameters of the cat hindlimb during 

walking with the additional weight on, thereby initiating adaptive changes to the locomotor 

pattern by adjusting muscle activation patterns (and joint torques) to match the desired 

limb positions (Bosco and Poppele 2001). Given the involvement of the motor cortex 

during the swing phase of walking (Drew et al. 1996), it is also possible that changes in
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descending drive from the cortex to locomotor centres in the spinal cord was involved in 

adapting to the additional weight. Such changes in descending drive could have mediated 

adaptive changes during locomotion by a direct influence on spinal locomotor centres (e.g. 

as indicated by Carrier et al. 1997 and Gritsenko et al. 2000), or by increasing the gain in 

proprioceptive feedback pathways (e.g. as indicated by Wolpaw 1997 and Chen et al. 

2002).

5.4-4 Conclusions

This study has described the long-term adaptive strategies used by cats during 

obstacle avoidance with additional load on the hindlimb. A  consistent strategy used by the 

2 cats involved an augmentation of knee flexor activity in order to clear the obstacle with 

the additional weight. Evidence for both immediate adaptation (immediate high stepping 

after addition of the weight) as well as more long-lasting learning effects (persistent after­

effects after removal of the weight) were obtained in response to the extra weight. The 

capacity for adaptation is also retained despite denervation of knee flexor muscles. In this 

cat, hip, knee, and ankle flexor strategies were used to compensate for the additional weight 

on the leg. However, examination of the steps that showed an after-effect after removal of 

the weight revealed that only the elevation in hip and ankle flexor muscle torque persisted.
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6.1 Introduction
Human infants show a stepping response that is sensitive to transient changes in 

sensory input (Yang et al. 1998a, 1998b; Pang and Yang 2000, 2001). In this study, we 

investigated whether infants have the capacity for adapting to sustained changes in sensory 

input during stepping. Adult humans and other mammals make adaptive modifications 

after injury or sustained changes in sensory input (Pearson 2000). Changes in the gain of 

spinal reflex pathways, changes in drive from locomotor generating networks, and input 

from supraspinal centres have all been shown to be involved in mediating these adaptive 

responses to the locomotor pattern after peripheral nerve injury (Carrier et al. 1997; 

Whelan and Pearson 1997; Pearson et al. 1999; Pearson and Misiaszek 2000; Gritsenko et 

al. 2001).

Some studies have also examined adaptive changes to locomotion that are not 

induced by nerve injury. In these types of studies, compensations are seen not only in the 

presence of the perturbation, but long-term adaptive strategies are revealed upon the 

removal of the perturbation from the locomotor environment. For example, decerebrate 

ferrets adaptively increased the trajectory of their forelimb in order to avoid a rod placed in 

the forelimb’s path. W hen the rod was removed, high stepping continued for up to 7 steps 

before the stepping pattern returned to control trajectories (Lou and Bloedel 1988). Thus, 

in the presence of the obstacle, mechanisms were employed to generate the higher stepping 

to prevent contact with the obstacle. W hen the obstacle was removed, the persistent high 

stepping (after-effect) indicated that these adaptive mechanisms involved feedforward 

control that anticipated the presence of the obstacle. In humans, analogous experimental
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results have indicated that feedforward control mechanisms are also employed to adapt to 

changes in sensory input. Rather than using specific proprioceptive disturbances, the 

perturbations to locomotion in these cases were more global, involving inter-limb 

coordination (Gordon et al. 1995; Jensen et al. 1998; Weber et al. 1998) or locomotor 

speed (Anstis 1995). Nevertheless, the presence of after-effects after removal of the 

perturbing input indicates the role of feedforward mechanisms to adapt to the initial 

disturbances.

Is the ability to adapt to sustained changes in the biomechanical properties of the 

body present in the human locomotor system before independent walking develops? In an 

attempt to answer this question, this study focused on the swing phase of stepping and 

examines how infants respond and adapt to a change in the amount of load on their leg. 

Two specific questions were addressed. First, can infants adapt (as seen by an after-effect) 

to a sustained change in proprioceptive input during treadmill stepping? Second, if they are 

able to adapt, what is the nature of the strategies used to achieve the adaptation? These 

data were previously presented in abstract form (Yang and Lam 2001).

6.2 Methods

6.2.1 Subjects and Preparation

Twenty-two infants between the ages of 3 and 11 months and ranging in weight

from 5.7 to 11.6 kg were recruited from local public health clinics. Parents/guardians gave

voluntary and written consent on behalf of their infant for participation in the study. All

procedures were conducted in accordance with the ethical guidelines of the University of

Alberta and the local health authority. One month before the recording session, parents
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were given verbal instruction on methods to practice the stepping response with their infant 

as described in Yang et al. (1998a). This helped to ensure that the stepping response could 

be elicited on the day of the recording session especially in infants who were younger than 7 

months.

Adhesive joint markers were taped to the skin overlying the following bony 

landmarks on the left leg: the superior border of the iliac crest, the greater trochanter of the 

femur, the knee joint line, the lateral malleolus, and the head of the fifth metatarsal. The 

lengths of the thigh, lower leg, and foot were measured by hand using a standard tape 

measure. The mass of the infant was also measured for subsequent anthropometric 

calculations used in the inverse dynamic calculations (Schneider et al. 1990).

Stepping was elicited by holding the infant under the arms and allowing the feet to 

touch a slowly moving treadmill belt (0.2 to 0.3 m/s). The stepping was recorded from the 

left side with a video camera at 30 frames/second. After a period of undisturbed (control) 

stepping, a small weight (500 to 900 g, depending on the infant’s size) made from 

stretchable cloth and filled with ball bearings was strapped around the left lower leg. 

Stepping with the weight on was elicited for a period of 30 seconds to 2 minutes, depending 

on the infant’s tolerance. After this period, the weight was rapidly detached from the limb 

while the infant was stepping. Care was taken to remove the weight as quickly as possible 

while minimizing disruption to the ongoing stepping sequence. Stepping was allowed to 

continue for at least 30 seconds after the weight was detached. This sequence (control 

stepping, weight on, weight off) was usually performed once for each infant. In 3 infants, 

this sequence was repeated twice and in 1 infant, the sequence was repeated 4 times to 

examine the consistency within subjects of the response to the weight.
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6.2.2 Data Analysis

W e focused our analysis on kinematic and kinetic measures of movement during 

the swing phase of stepping because the load was applied such that the main effect would be 

during the swing phase. Furthermore, flexor muscle activity at the knee and hip are difficult 

to record by surface electromyography in infants given the small size of the legs, the deep 

location of the muscles (particularly hip flexor muscles), and fatty tissue in these areas. 

Since our study focused on the swing phase, a measure of flexor activity at these joints is 

crucial to our analysis and we felt kinetic analysis would provide the best solution.

The data were divided into 3 sections: control, weight on, and weight off stepping. 

The selected video data were then digitized from the videotape to the computer at 30 Hz 

using Adobe Premiere (Adobe Systems Inc., San Jose, CA). The positions of the joint 

markers were then digitized by hand using custom-written software.

Subsequent analysis was performed using custom software written with MATLAB 

(MathWorks, Natick, MA). The position data of the trunk, hip, knee, ankle, and toe were 

filtered using a 4th-order Butterworth, dual-pass filter. The low-pass cut-off frequency was 

set to 6 Hz. The velocity and acceleration of the hip, knee, and ankle joints were then 

calculated by derivative technique.

Ten control steps were randomly chosen to provide baseline measures of the 

kinematics of infant stepping. Pilot data indicated that a minimum of 10 steps would 

provide an adequate measure of normal, undisturbed infant stepping (data not shown). To 

measure the effect of adding the extra weight to the leg, the first and last 3 steps taken with 

the weight on were chosen for full kinematic and kinetic analysis. The initial steps with the 

weight on were also of particular importance since an immediate increase in flexor activity
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due to the extra weight may indicate mechanisms mediated by spinal or brainstem reflex 

pathways. To gauge whether there was a time-dependent adaptation to the weight, the 

maximum toe height was measured from all the steps taken (to a maximum of 40) with the 

weight on.

Any after-effect (high stepping) that might arise upon removal of the weight was 

gauged by the maximum height in the trajectory of the toe achieved in the first step taken 

when the weight was removed. A  one-tailed z-test was used to determine significant 

increases in toe trajectory height above the mean of control steps (p < 0.05). We thus 

attempted to group infants according to whether they showed an after-effect or not, as 

measured by these values (Fig. 6.1).

Infant treadmill stepping is not as regular or consistent as adult stepping. Often, 

there is out-of-plane movement due to variable movements, usually external rotation of the 

leg during swing. To determine the extent of out-of-plane movement, the apparent lengths 

of the thigh, leg, and foot were measured. If the length varied by more than 10%, the data 

set was not used in the analysis. If the apparent length varied within the acceptable range, 

inverse dynamic analysis was performed to calculate the torques (muscle, gravitational, and 

interaction) at the hip, knee, and ankle (Hoy and Zemicke 1986; see also Appendix 1). 

Thigh and leg movements were rarely out of plane. If they were, data from that step were 

discarded (n =  14 steps discarded). Foot movement was often out of plane. In these 

situations, 2-segment analysis (where the foot and shank were considered as one segment) 

was applied which did not require input from kinematic values from the foot. O ut of all the 

infants tested and steps chosen for the complete kinematic and kinetic analysis (462 steps), 

we used 2-segment analysis for 110 steps due to out-of-plane movement at the foot. In any
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case, contribution from forces at the ankle were very small (data not show n), especially 

considering the relatively small mass of the foot (less than 1% of body mass and less than 

10% of total leg mass) (Schneider et al. 1990). Furthermore, there was little significant 

change in ankle torques during the different stepping conditions, probably because the 

weight was strapped to the lower leg and did not load the foot. Thus, separate results from 

the ankle torque calculations will not be presented in this paper. Due to the range of body 

weights across individual infants, all torque values from each infant were normalized to the 

infant’s body mass (Winter 1991).

The swing phase was divided into 2 equal parts using the following terminology: the 

first half, or early swing and the last half, or late swing. For each condition, the average 

muscle torque during the first half of swing was calculated. This gave an indication of the 

muscle activity produced to promote clearance of the foot. Muscle torque produced during 

the last half of swing mainly slows the limb in preparation for ground contact. Since muscle 

activity produced during early swing would be most affected by the unexpected removal of 

the weight, we focused on this part of the swing phase although torque profiles for the 

complete duration of the swing phase are presented.

6.3 Results
The objectives of this study were to examine whether infants could adapt to an 

extra load on their leg during stepping and if they could, how this adaptation was achieved. 

To address the issue of whether learning had occurred, we measured the maximum height 

of the toe trajectory in the first step with the weight off. Figure 6.1A illustrates this measure 

for all infants tested. Each point in the graph represents one infant. For each infant, the
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difference in maximum toe trajectory height between averaged control steps and the first 

step with the weight off is expressed as a 2-score and plotted along the y-axis. The infant’s 

age is plotted along the x-axis. The dashed line in the graph delineates a 2-score value of

1.645, which corresponds with a p value of 0.05 (one-tailed 2-test). Infants were thus 

categorized into one of 2 groups, those that showed an after-effect (corresponding with a 

significantly higher (p <  0.05) toe trajectory in the first step with the weight off) (n =  7) 

and those that did not show an after-effect (n =  15). Note that there was no clear 

relationship between the presence of an after-effect and the age of the infant O f the infants 

who did not show an after-effect, 3 showed a significantly lower toe trajectory in the first 

step with the weight off (2-score <  -1.645). The significance of this finding is unclear but 

may represent an alteration in the general state of the infant, not necessarily associated with 

the experience with the weight on. However, no discemable change in mood during the 

course of the experiment was observed in 2 of these infants while one of them was slightly 

more upset by the end of the experimental session.

A possible explanation for the lack of an after-effect in the majority of the infants 

tested might be related to the amount of weight applied or the number of steps taken with 

the weight. We examined this issue in figure 6 .IB, which is a plot describing the 

characteristics of the sample of infants used in this study. Each data point in the scatterplot 

represents one infant. The data were plotted as the number of steps taken with the weight 

against the amount of weight applied (expressed as a percentage of leg mass). This gives an 

indication of the amount of exposure to the extra weight (number of steps with weight) and
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Figure 6.1. Grouping o f Infants - After-Effects and N o After-Effects.

A. The change in toe trajectory after the weight was removed compared with

control steps expressed as a z score. Each point in the plot represents one infant and the 

data are arranged by the age of the infant (month). The dashed line delineates a z score of

1.645, which corresponds with p < 0.05. B. Incidence of aftereffects as a function of the 

amount and intensity of exposure to the extra weight on the leg. Open circles represent 

infants who did not show after-effects (n =  15). Filled triangles represent infants who did 

show after-effects (n =  7). Neither the number of steps taken with the weight on nor the 

amount of extra weight relative to the mass of the infant's leg appeared to be related to 

the presence of an after-effect.
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the intensity of the exposure (mass of weight). Infants were grouped according to whether 

they showed an after-effect (filled triangle symbols) or not (open circle symbols). The 

amount or intensity of the exposure to the extra weight did not seem to have an influence 

on whether an after-effect was seen. The infants who showed an after-effect had a range of 

exposure to the weight, from 20  to more than 100 steps, and a range of weights applied, 

from 45% to 110% of the mass of the limb.

6.3.1 Kinematics

Figure 6.2 shows the toe trajectories during the swing phase from all infants. The 

data are shown for 2 groups of infants, those who showed an after-effect, and those who did 

not. In figure 6.2A, the thin solid line surrounded by gray shading represent the average and 

standard error (respectively) of the trajectory of the toe during control steps. Figure 6.2A 

shows that the toe trajectory was consistendy lower than control when the weight was on 

throughout the stepping sequence (dashed black lines). The thick solid line represents the 

response upon removal of the weight in the 2 groups of infants. In the 7 infants who were 

categorized in the after-effect group, the high steps taken after the weight was removed is 

evident in the average toe trajectory of the first step with the weight off (Fig. 6.2A, left 

panel). The high stepping evident in this group of infants is in stark contrast to the return 

to near control toe trajectory in the other group of infants (Fig. 6.2A, right panel).

The maximum toe trajectory height during the swing phase was measured for each 

step taken with the weight on and off and plotted in figures 6.2B and C  as a change from 

control steps of all infants. Each point in the plots represents the average change in
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Figure 6.2. Changes in Toe Trajectory with the Weight O n and Off.

A. The average toe trajectory of weight on steps (dashed line) and the first step

taken after the weight was removed (thick black line). The solid line surrounded by gray 

shading represents control and standard error, respectively. B. The change in maximum 

toe trajectory height when the weight was on compared to control was calculated for both 

groups of infants. Each symbol in the plots represents the average change in maximum toe 

height across all infants in each group (error bars represent standard error). C. The 

change in maximum toe trajectory height after the weight was removed for both groups of 

infants. Asterisk (*) represents p <  0.05.
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maximum toe trajectory height across the infants in each group (after-effect and no after­

effect). If repeated trials were obtained from an infant, only the first trial with the weight on 

was included in these ensemble plots. Both groups of infants tended to attain lower toe 

trajectory heights throughout the stepping period with the weight on (Fig. 6.2B). However, 

the group of infants who did not show an after-effect tended to show lower toe trajectory 

heights throughout compared to the group who did show after-effects. In addition, there 

was no discemable pattern of adaptation in toe trajectory height during the period with the 

weight on in either group of infants. There was similarly no apparent time-dependent 

pattern of adaptation seen in hip or knee flexion during the period with the weight on (data 

not shown).

W hen the weight was removed, the maximum toe trajectory height returned to 

control values in the infants who did not show an after-effect (Fig. 6.2C, right panel). In 

the other group of infants, maximum toe trajectory height was significantly elevated in the 

first step after the weight was removed (t-test, p <  0.05). In subsequent steps, the maximum 

toe trajectory height tended to remain slightly elevated compared to control levels (Fig. 

6.2C, left panel).

In 4 infants, we tested the consistency of the response to sudden removal of the 

weight by repeating trials of stepping with the weight on at least 2 times. In three of these 

infants, we observed high stepping after removal of the weight that was consistent for both 

repeated trials. In one infant, high stepping was not observed after removal of the weight 

and this was also consistent for both repeated trials. Figure 6.3A shows the average response 

across 3 infants of successive steps after the weight was removed following the first trial with 

the weight on (filled circles) and following the second trial with the weight on (open
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Figure 6.3. Repeated Trials with the Weight On.

A. Weight off steps after 2 successive repeated trials recorded from 3 infants who

showed after-effects. Error bars represent standard error. Asterisks (*) represents p <

0.05. B. Change in maximum vertical height of the toe trajectory in steps taken with the

weight on and after the weight was removed in an infant who showed after-effects after

successive trials with the weight on. C. Change in toe trajectory height in steps taken

with the weight on and after the weight was removed in an infant who did not show an

after-effect. In both B and C, the average and standard deviation of the maximum toe

trajectory height of control steps are represented by solid and dotted lines, respectively.
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triangles). In both cases, high stepping was seen in the first step after the weight was 

removed. After the first trial with the weight on, the height of the toe trajectory was 

significantly higher than control values in the first step after the weight was removed (p <  

0.05) in all 3 infants. After the second trial with the weight on, the height of the toe 

trajectory also tended to be higher than control values although this difference was only 

significant in one of the 3 infants in this group. The other 2 infants had ^-scores of 1.29 and 

1.58, which correspond to p-values of 0.09 and 0.06, respectively. Figure 6.3B illustrates 

data from a single infant where repeated trials with the weight on were obtained 4 times 

(the first 2 trials from this infant were also included in Fig. 6 .3A). After the first trial with 

the weight on (filled circles), the height of the toe trajectory was significantly higher than 

control levels in the first step after the weight was removed (open triangles). This pattern 

was observed after each of the subsequent 3 trials with the weight on (Fig. 6.3B). Figure 

6.3C illustrates data from a single infant where 2 repeated trials with the weight were 

recorded. After each trial with the weight on, this infant did not show high stepping in the 

steps immediately following removal of the weight. In fact, the maximum toe trajectory 

after the weight was removed was significantly lower than control values (p < 0.05). This 

infant was one of the 3 infants who showed a significantly lower toe height after removal of 

the weight (see Fig. 6.1A). To summarize, in the 4 infants tested in this way, the presence 

or absence of after-effects after removal of the weight appeared to be consistent across 

repeated trials.

For each infant, the maximum toe trajectory, maximum hip flexion, and maximum 

knee flexion was measured for the steps when the weight was on and when the weight was 

removed and compared to control steps. The group of infants who did show an after-effect
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appeared to adapt their stepping well to the extra weight on the leg. W hen the weight was 

on, there was no overall statistical difference in the average height of the toe trajectory or 

maximum hip or knee flexion achieved compared to control steps (p > 0.05) (Fig. 6.4A, C, 

E, Weight On Steps). W hen the weight was removed, the height of the toe trajectory, 

maximum hip flexion, and maximum knee flexion angle in the first step was significantly 

higher than control (p <  0.05) (Fig. 6.4A, C, E, Weight Off, 1st Step). The group of infants 

who did not show an after-effect tended to have a statistically lower toe trajectory and less 

hip and knee flexion when the weight was on (p < 0.01) (Fig. 6.4B, D, F, Weight On Steps). 

W hen the weight was removed, the maximum toe trajectory height and maximum hip or 

knee flexion achieved in the first step was not different from control (p >  0.05).

6.3.2 Hip Torques

Figure 6.5 illustrates averaged hip torques during the swing phase from all infants 

who showed an after-effect (left panel) and those who did not show an after-effect (right 

panel). Muscle, interaction, and gravitational torques acting about the hip are illustrated. 

The solid line surrounded by the gray shading represents the mean and standard error of 

muscle torque, respectively. The hip muscle torques generated during control steps are 

comparable between the two groups of infants (Figs 6.5 A and B). Hip muscle torques were 

flexor at the beginning of swing, coinciding with knee flexor muscle torques (Fig. 6 .6) as the 

leg moves up and forward to clear the ground. Towards the end of swing, hip muscle 

torques became very low or switched to the extensor direction (Fig. 6.5A). This 

corresponds with knee flexor muscle torque during late swing (see Fig. 6.6A  and B) and 

may reflect activity in the hip extensor/knee flexor hamstrings muscle group to slow the leg
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Figure 6.4. Change in Kinematic Variables with the Weight O n  and Off.

Line graphs representing the change in maximum toe trajectory (A, B), maximum

hip flexion (C, D), and maximum knee flexion (E, F) under different walking conditions

(control, weight on, weight off 1st step). Each point in the plots is the average from all

infants in each group with standard errors represented by the error bars. Single asterisks

represent significance at p <  0.05. Double asterisks represent significance at p < 0.01.
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Figure 6.5. Averaged Hip Torques with the Weight O n  and Off.

Averaged hip torques for both groups of infants under different walking conditions

(control (A, B), weight on (C, D), weight off 1st step (E, F)). Torque values were

normalized for body mass and in time. Positive values are flexor and negative values are

extensor at the hip. Thick black line surrounded by gray shading represents averaged hip

muscle torque and the standard error of hip muscle torque, respectively. Interaction

torque, thick black line with filled circles. Gravity torque, open squares with thin black

line.
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down and prepare for the support phase. The effect of gravity is greatest in the latter part of 

the swing phase and tends to pull the hip toward extension. This appears to be the main 

torque acting about the hip to help in braking the leg to prepare for foot contact. This 

would also account for the low muscle torque generated at this point given that the torque 

due to gravity is sufficient to slow the leg down at the end of swing.

W hen the weight is on the leg, there is an overall increase in hip muscle torque in 

both groups of infants (Fig. 6.5C and D). The effect of the additional weight on the leg is 

also reflected in the interaction and gravity torques throughout the swing phase. A t the 

beginning of swing, there was greater gravity torque produced in the flexor direction as the 

hip is facilitated into flexion by the extra weight. There was also higher hip flexor muscle 

torque during the first half of swing, compared to control. During the second half of swing 

phase, greater hip extensor muscle torque was generated, coinciding with the large increase 

in knee flexor muscle torque (see Fig. 6.5D and 6 .6D). This may reflect greater recruitment 

of the hamstrings muscles to compensate for the large flexor interaction torque, thus 

decelerating the limb in preparation for support phase. Towards the end of swing, there is 

also a larger hip extensor torque due to gravity as a result of the extra weight on the leg, 

which would also help to decelerate the limb in preparation for support.

There was little qualitative difference between the torques produced in the step 

after the weight was removed and controls steps in the infants who did not show an after­

effect (Fig. 6.5F). In the infants who showed an after-effect, there was greater hip flexor 

muscle torque at the beginning of the swing phase of the first step with the weight off, 

compared with control steps. This corresponds with the higher toe trajectory and greater 

hip flexion in the 1st step after the weight was removed (see Fig. 6.2 and 6.4).
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6.3.3 Knee Torques

Figure 6.6 illustrates the averaged knee torques during the swing phase from all 

infants who showed an after-effect (left panel) and those who did not show an after-effect 

(right panel). Muscle, interaction, and gravitational torques acting about the knee are 

illustrated as for the hip torque figures. Knee torques generated during control steps are 

comparable between the two groups of infants (Fig. 6 .6A and B). A t the beginning of swing, 

knee flexor muscle torques are lowest while gravitational torques are extensor and at their 

largest. This reflects the influence of gravity assisting the forward movement (knee 

extension) of the leg as flexion is initiated. During the first half of swing, knee flexor muscle 

torque gradually increases as the leg is lifted up and forward to clear the ground while 

gravitational torques gradually decrease. Knee flexor muscle torques continue to increase 

through to late swing as the leg is moved forward through swing to counteract the extensor 

interaction torques. Knee flexor muscle torques reached highest values towards the end of 

swing, serving to slow the leg in preparation for foot contact.

W hen the weight was on the leg, all of the torque components tended to increase in 

both groups of infants (Fig. 6 .6C and D). The effect of the extra weight on the leg is 

reflected in the greater torque due to gravity, especially at the beginning of swing. Knee 

muscle torques show greater flexor activity, likely to counteract some of the extensor effect 

of gravity at this point while at the same time helping to clear the ground. Towards the end 

of swing, gravity torques approach zero while knee muscle torque reaches peak flexor 

activity.

W hen the weight was removed, the torque profiles at the knee in the infants who 

did not show an after-effect returned immediately to normal (Fig. 6 .6F). In the second
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Figure 6.6. Averaged Knee Torques with the Weight O n and Off.

Averaged knee torques for both groups of infants under different walking

conditions (control (A, B), weight on (C, D), weight off 1st step (E, F)). Torque values

normalized for body mass and in time. Positive values are flexor and negative values are

extensor at the knee. Thick black line surrounded by gray shading represents averaged

knee muscle torque and the standard error of knee muscle torque, respectively.

Interaction torque, thick black line with filled circles. Gravity torque, open squares with

thin black line.
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group of infants, the observed after-effect was only slightly reflected in the torque profiles 

(Fig. 6 .6E). During the beginning of swing, knee muscle torque in the first step with the 

weight off did not appear to be greatly different from control steps. Near the end of swing, 

flexor muscle torque was higher than control, probably to help counteract the extensor 

interaction torque at the knee at this time.

6.3.4 Quantification o f Muscle Torques

For each infant, the average muscle torque over the first half of swing phase was

calculated. These averaged torque values were then averaged across infants in each group

(after-effect and no after-effect group) to quantify the changes in hip and knee muscle

torques between the different walking conditions (control, weight on, weight off 1“ step)

(Fig. 6.7). In the first step taken with the weight on, there was an immediate increase in hip

and knee muscle torques during the first half of the swing phase (Fig. 6 .7A and B, Weight

On, 1st Step). Hip and knee muscle torques remained elevated throughout walking

sequences with the weight on (see Fig. 6.5C and D and 6 .6C and D). Despite the increased

hip and knee muscle torques, it appears that the infants, especially those that did not show

an after-effect, still had difficulty with maintaining the same level of ground clearance with

the weight on since toe trajectory profiles remained slightly lower compared to control steps

(see Fig. 6.2). W hen the weight was removed, hip and knee muscle torques during the

beginning of swing returned immediately to normal values in the infants who did not show

an after-effect (Fig. 6.7A  and B, right panel, Weight Off, Ist Step). In contrast, the group of

infants who did show an after-effect continued to produce elevated hip muscle torques,

reflecting the existence of an after-effect in these infants (p <  0.01, Fig. 6.7A, left panel,
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Figure 6.7. Quantification o f Hip and Knee Muscle Torques.

Line graphs representing averaged hip (A) and knee (B) muscle torque values

during the first half of swing phase. Each point in the plots is the averaged muscle torque

from all infants in each group with standard errors represented by the error bars. Single

asterisks, p <  0.05. Double asterisks, p <  0.01.
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Weight Off, Ist Step). Knee muscle torques during the beginning of swing in the first step 

with the weight off were not significantly different from control (Fig. 6.IB, right panel,

Weight Off, 1st Step).

6.4 Discussion
The main finding was that all infants responded to the extra weight on the leg and 

did so by recruiting greater flexor muscle torque at the knee and hip. This was exemplified 

by the increase in hip and knee flexor muscle torque, which occurred within the first step 

with the weight on (Fig. 6.5, 6 .6 , and 6.7). O f further interest was whether infants showed 

an after-effect after the weight was removed, which would indicate that learning had 

occurred. The criteria we used (see Methods) resulted in a separation of the infants into 2 

groups -  those who showed a high stepping response after removal of the weight (n =  7), 

and those who did not (n =  15). However, the scatterplot in figure 6.1 demonstrates a 

continuum of responses after removal of the weight, rather than a clear separation of infants 

into 2 groups.

A limitation in the criteria we used to assess the presence of an after-effect was the 

fact that infant stepping is variable and thus differences in the kinematic variables after 

removal of the weight could be difficult to identify. Another possibility is that the apparent 

‘after-effects’ we observed were not actually indicative of any learning. The change in 

sensory input with removal of the sandbag weight could have contributed to the appearance 

of a high step. This possibility cannot be definitively ruled out by the present results. The 

fact that high stepping was primarily observed in only the first step after removal of the 

weight supports the possibility that the change in sensory input is responsible for the
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apparent after-effect. In addition, if long-term adaptive strategies were involved, one would 

predict that there would be a gradual improvement in limb trajectory over time with the 

weight on. Generally, however, any time-dependent pattern of adaptation could not be 

discerned by a step-by-step analysis of the change in kinematic parameters (Fig. 6.2A). 

Thus, the separation of the infants into 2 groups may turn out to be an arbitrary decision.

W hether the amount of weight experienced by an infant influenced the adaptation 

is unclear. The average additional weight experienced by the infants was 76% of the total 

weight of the limb. It is possible that this was too heavy and prevented proper adaptation of 

the stepping pattern to the extra weight. Indeed, most infants showed difficulty with 

stepping with the weight on, shown by the observation that the amount of hip and knee 

flexion generated when the weight was on was significantly lower than control in most of 

the infants (Fig. 6.4, right panel). Addressing this issue would require specific testing of the 

effect of different weights in the same infant by recording repeated trials.

All infants showed an ability to adapt to the stepping pattern to  the extra weight on 

the leg. This was characterized by an increase in hip and knee flexor muscle torque within 

the first 3 steps taken with the weight on. The rapid and appropriate response to the extra 

weight suggests a mechanism that could be mediated by reflex pathways. Candidate 

pathways could include those characterized in reduced cat preparations. Stimulation of hip 

flexor group I muscle afferents during the swing phase prolongs flexor burst duration and 

increases flexor burst magnitude in the fictive (Perreault et al. 1995; McCrea et al. 2000; 

Quevedo et al. 2000) and decerebrate walking cats (Lam and Pearson 2001b). 

Furthermore, these pathways may have a functional role in mediating flexor activity in 

response to proprioceptive feedback during the swing phase (Lam and Pearson 2001a).
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W hether similar flexor muscle afferent pathways to flexor motoneurons also exist in 

humans remains to be determined. If they do exist in humans, it is possible that increases in 

the production of hip and knee flexor activity in response to the extra weight on the leg 

were mediated via these reflex pathways. In addition, we cannot rule out the possibility that 

the intrinsic properties of muscles played a role in mediating the increase in muscle torque 

when the weight was on. Indeed, the angular velocities of the lower limb joints tended to be 

lower with the added weight compared to control stepping (data not shown) and thus the 

muscles could have generated more force. Indeed, muscles are able to generate more force 

as the velocity of contraction is slowed and do so to compensate for inertial loads (Partridge 

1966).

Motor learning of discrete tasks is often discussed within the context of an ‘inverse 

internal model’, which is defined as an internal representation of the system and as such has 

the ability to issue a set of motor commands given a desired sensory outcome or movement 

trajectory (Kawato 1999). As a theory, it provides a compelling framework within which 

motor learning can be investigated. One prediction of the internal model concept for motor 

control is that any recalibration of the motor command for a given task in response to a 

change to the mechanics of the body will be revealed upon unexpected removal of the 

mechanical disturbance. The recalibration allowed for the resumption of normal trajectories 

and the reduction in end-point errors in the presence of the perturbing input. Unexpected 

removal of the disturbance reveals this recalibration in the form of a temporary distortion in 

movement. W hether adaptive strategies during locomotor tasks employ an inverse internal 

model is not clear. However, there is some evidence supporting this concept. For example, 

decerebrate walking ferrets adapted to repeated presentation of an obstacle in the path of
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the forelimb’s trajectory by increasing the height of the paw trajectory. W hen the obstacle 

was removed, there was a persistence of the conditioned behaviour for several steps before 

returning to control levels (Lou and Bloedel 1988). Similarly, in humans there are some 

reports of after-effects occurring in locomotor tasks after a period of adaptation to a novel 

environment (Anstis 1995; Gordon et al. 1995; Jensen et al. 1998; Weber et al. 1998). For 

example, Weber et al. (1998) showed that there is a reconfiguration of the sensorimotor 

mechanisms that guide the trajectory (direction) of locomotion. Subjects who stepped on a 

circular treadmill for as little as 7.5 minutes continued to produce a curved trajectory of 

walking when they were subsequently asked to step blindfolded over ground in a straight 

line (Weber et al. 1998). Thus, there are some indications that feedforward control, that 

may or may not involve recalibration of a hypothetical inverse internal model for walking, is 

available to adapt locomotor output to sustained changes in sensory input. W hether human 

infants also use feedforward control during adaptations of their stepping pattern could not 

be determined with certainty using the present paradigm. However, recent unpublished 

results from this laboratory using a different paradigm (Pang and Yang, unpublished 

observations) suggest that some infants did have an anticipatory response during obstructed 

treadmill stepping, thus lending support for the idea that there is some capability for 

feedforward control during human infant stepping.

Our results are the first to show that human infants can adjust their stepping 

pattern in response to sustained changes to the mechanics of the leg. Variability inherent in 

the infants’ stepping pattern may have limited our ability to draw definitive conclusions 

about whether any long-term adaptive strategies were developed in response to stepping 

with the additional load on the leg. If there were after-effects in some infants, this indicates
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the possibility that there was a recalibration of the motor commands used to generate 

stepping. Furthermore, we show that all infants could compensate to the extra load on their 

leg and did so by recruiting greater flexor torque at the hip and knee joints. This is well 

before the development of mature and independent walking and suggests that some of these 

adaptive mechanisms may reside in sub-cortical structures.
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7.1 Summary

One of the most remarkable aspects of the nervous system is its capability for 

plasticity. The intricate control of locomotion by the nervous system is no less remarkable 

in its adaptive qualities. The capability for adaptation is underscored even more by the 

necessity imposed on animals in natural settings where continuous adjustments to the 

walking pattern are required while traversing over constantly changing and unpredictable 

terrain. Not only can the locomotor pattern be adapted to generate different forms of 

locomotion (e.g. different directions, slope walking, crouched walking), it can also be 

adapted to respond to perturbations during the course of movement or changes to limb 

properties during development or after injury. The projects presented in this thesis have 

addressed each of these features of the neural control of locomotion. First, can the output 

of the locomotor pattern generator be transformed into different forms of human stepping? 

In Chapter 2, the ability of the locomotor system to generate different directions of stepping 

was shown to be present even before the onset of independent walking in humans. The 

data were consistent with and further contributed to the idea that central locomotor 

networks can be adapted to generate different locomotor tasks. The second feature of 

locomotor adaptation addressed in this thesis is the major role that afferent feedback plays 

in shaping the output of the locomotor pattern. In Chapter 3, it was shown that changes in 

proprioceptive feedback strongly modulate hip flexor activity during the swing phase of 

decerebrate cat locomotion. Input from large muscle afferents is likely a major contributor 

to this modulation (Chapter 4). These results led to the final projects, which were based on 

the concept that proprioceptive feedback during walking provides information not only for
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transient changes during locomotion, but also to more sustained changes to the properties 

of the body (Chapters 5 and 6). Lasting perturbations of the limb during the swing phase of 

locomotion triggered adaptive modifications to swing phase activity. These adaptive 

modifications may have involved lasting changes to the locomotor generating system. Thus, 

adaptation in the locomotor system can be immediate or involve longer-term mechanisms 

(learning). Immediate adaptations can occur according to performance requirements (e.g. 

changing walking direction) or sensory disturbances (e.g. loading of the limb). Longer-term 

adaptive modifications (learning) occur in response to training or lasting changes to the 

properties of the body.

7.2 Future Directions

7.2.1 Neural Control o f Different Forms o f Locomotion

The study presented in Chapter 2 was the first to show data consistent with the idea

that all different directions of human walking are controlled by a common locomotor

generator. Data were collected from human infants, which further suggest that the ability to

switch between different directions of stepping is mediated by neural centres located in

brainstem or spinal cord structures. The concept that the control of different motor

behaviours may be shared among neural networks is a strong argument for the adaptability

of the locomotor system. A n examination of the responses to sensory input during different

forms of walking yields further insight into the adaptability of the locomotor system. The

response to speed was already examined in the present thesis and found to be similar

regardless of the direction of walking (Chapter 2). The response to other types of sensory

input is more specific to the direction of walking. Recent studies comparing forward
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stepping with either sideways (Pang and Yang, in press) or with backward walking (Buford 

and Smith 1993; Duysens et al. 1996) have shown how sensory input is selectively gated 

depending on the direction of locomotion. Pang and Yang (in press) have shown that 

during infant stepping, the most effective input that initiates the swing phase depends on 

the direction of walking. Hip extension during late-stance is strongly effective in initiating 

the swing phase during forward walking while hip abduction or adduction is more effective 

during sideways walking. Phase-dependent responses to cutaneous stimulation are also 

tailored to the direction of walking in cats (Buford and Smith 1993) and in adult humans 

(Duysens et al. 1996). If one accepts the concept of a common locomotor control system for 

different directions of walking, the locomotor central pattern generator can be envisaged as 

a system that receives convergence from a variety of sensory inputs and that possesses 

flexibility vis-a-vis its ability to tailor its output depending on the type of sensory input and 

the direction of walking. There is already some indication that this flexibility and 

adaptability is present in the human locomotor system even before the onset of 

independent walking (Lamb and Yang 2000; Pang and Yang, in press).

Another issue would be whether or not learning in one direction of stepping 

transfers to all directions of stepping. Such generalization of motor learning has been shown 

for visuomotor tasks and upper limb movements (reviewed in Kawato 1999) as well as for 

the control of perceived direction of walking in adult humans (Earhart et al. 2001, 2002). 

In human infants, demonstrating that adaptation of the locomotor pattern during forward 

stepping transfers to other directions of stepping, in response to the same chronic 

disturbance, would provide further evidence for the idea that the locomotor system 

mediating different directions of stepping is shared. For example, if infants practiced
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forward stepping with the additional weight on, would any after-effects upon removal of the 

weight be elicited during backward or sideways stepping? If adaptive responses to the extra 

weight on the leg were mediated through a shared circuitry that included control of 

different directions of stepping, then one might expect that after-effects would be observed 

even after a change in stepping direction and removal of the weight.

Differences between adult and infant stepping in the motor patterns for forward and 

backward walking were also discussed in Chapter 2 (Lamb and Yang 2000). The common 

feature across studies that compared adult forward and backward walking is the variability 

in muscle activation patterns while the kinematic patterns of the limbs are preserved (the 

movement trajectory of backward walking being a reversal of forward walking) 

(Thorstensson 1986; Winter et al. 1989; Grasso et al. 1998). The reverse was observed in 

human infants -  muscle activation patterns generally tended to be similar while no 

preservation of movement trajectory was seen. Based on these observations, we proposed 

that the control of kinematic variables could be originating from higher brain centres 

(Lamb and Yang 2000). Examination of the locomotor pattern during forward and 

backward walking from human subjects aged 9 months to early childhood years (or even 

older) may yield some insight into the timeline for the development of this control. Is the 

transfer from the control of muscle activation pattern to mainly controlling kinematic 

variables during stepping correlated with certain milestones during childhood development, 

such as the onset of independent walking or the development of more advanced locomotor 

tasks such as skipping?
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7.2.2 Proprioceptive Regulation o f Flexor Activity during the Swing Phase o f Walking

Much of the focus of past investigations on the proprioceptive regulation of

locomotion has been that during the stance-tO'Swing phase transition or the stance phase. 

In Chapters 3 and 4, the focus was on the proprioceptive regulation of flexor activity during 

the swing phase of decerebrate cat locomotion. Previous reports from fictive decerebrate 

preparations have identified several pathways by which flexor muscle afferents influence the 

output of flexor motoneurons during locomotion (Perreault et al. 1995; Degtyarenko et al. 

1998; McCrea et al. 2000; Quevedo et al. 2000). The results from the projects in this thesis 

extend those of Hiebert et al. (1996) and indicate that the flexor muscle afferent pathways 

identified in fictive preparations could have a functional role in mediating flexor muscle 

activity during the swing phase of walking in cats. In the present thesis, the focus was on 

the effect of hip flexor muscle afferents on hip flexor muscle activity. However, excitatory 

effects from group I knee and ankle flexor muscle afferents to their homologous 

motoneurons have also been shown in fictive preparations (Quevedo et al. 2000) and are 

indicated in walking preparations (Hiebert et al. 1996). W hether these pathways play a 

functional role during treadmill locomotion should be further investigated. This 

information would help to complete our understanding of known effects of flexor muscle 

afferents to flexor muscle activity during walking and could be of use in subsequent 

investigations of the adaptive capabilities of the locomotor system (see section 7.2.3).

The study presented in Chapter 3 focused on hip flexor activity and demonstrated a 

particularly potent influence from the sartorius muscle during the swing phase of treadmill 

locomotion. Elimination of input from the sartorius muscle, by denervating it, resulted in a 

marked decrease in the response to resisting limb flexion (Chapter 3). Electrical stimulation
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of the sartorius nerve indicated that input from group I sartorius muscle afferents is likely 

involved in this response (Chapter 4). Mechanical activation of the muscle receptors by 

applying stretches to the sartorius muscle during walking will provide functionally relevant 

evidence for the role of group I muscle afferents. This may prove to be difficult, however, 

since the sartorius muscle is thin, broad, and does not have a well-defined tendinous 

insertion and thus would be difficult to be securely affixed to a mechanical device. If a 

method could be devised, it would also be interesting to investigate whether there are 

separate effects from the two compartments of the sartorius muscle (the anterior and the 

medial head). This could be done by transecting the nerve branch to one of the 

compartments thereby leaving only one of the heads functional and able to respond to 

stretch.

The effects from group II flexor muscle afferents on flexor activity during 

decerebrate locomotion was also examined in Chapter 4. These effects are variable in 

fictive and treadmill locomotor preparations (Perreault et al. 1995; Hiebert et al. 1996; 

McCrea et al. 2000). We also found that the effect of group II sartorius muscle afferents on 

hip flexor activity during treadmill locomotion was variable but often showed a time- 

dependent transition from an inhibitory to an excitatory effect (Chapter 4). Could this be 

due to a diminishment of group II inhibitory effect, revealing an excitatory group I effect? 

This could be investigated by targeted inhibition of group I muscle afferent effects on 

motoneuron excitability. Strategies using ischemia could be applied to selectively block 

transmission in group I muscle afferents (Grey et al. 2001). Separation of group I from group 

II effects could also be achieved by applying continuous activation of primary spindle 

endings by constant vibration of the muscle. Electrical stimulation at group II strengths,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



285

applied against this background of continuous muscle vibration, would tend to selectively 

activate secondary afferents and presumably not recruit more group I muscle afferents 

(which are already maximally activated by the vibration) (Baldissera et al. 1981). O f course, 

this method would be contingent on devising a secure method to apply mechanical 

perturbations to the muscle of interest. If the time-dependent transition from an inhibitory 

to an excitatory effect is due to the emergence of group I effects, then excitatory effects 

should not be reproduced when these strategies are employed.

7.2.3 Learning during Walking Tasks

An important application of the knowledge obtained about proprioceptive input

during locomotor activity is how this input mediates long-term adaptive changes to the

locomotor pattern after sustained changes to the biomechanical or neuromuscular

properties of the body. A n example of how this concept is applied was demonstrated by

Whelan and Pearson (1997) who reported changes in the gain of reflexes from the medial

gastrocnemius muscle after transection of the nerves to its synergists. In this case,

knowledge of the relative strengths of reflex pathways from various ankle extensor muscle

afferents led to the ability to identify this specific change in reflex modulation associated

with the adaptive modifications after nerve transection. Adaptive modifications clearly

occur in response to chronic loading of the limb during the swing phase (Chapters 5 and 6)

and in response to weakening of knee flexor activity (Chapter 5). Are these adaptive

modifications also associated with changes in reflex pathways from flexor muscle afferents

to flexor motoneurons? More generally, at what level of the nervous system are the plastic

changes associated with the adaptive responses located? The observations of Carrier et al.
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(1997) suggest that plasticity (in response to ankle flexor neurectomy) can occur at both 

supraspinal and spinal levels. Is this the case for adaptive responses to the additional weight 

on the limb (Chapter 5)? This could be addressed by first training cats to walk on a 

treadmill with the weight on. After adaptation, an acute experiment could be performed 

where the animal would first be decerebrated and then spinalized. The first question to be 

addressed would be whether any adaptive changes (such as increases in flexor muscle 

activity) were persistent after decerebration and spinalization. If so, it would suggest that 

adaptive mechanisms resided in brainstem, cerebellar, or spinal structures. Secondly, the 

response to removal of the weight could be observed, either before or after spinalization. 

This should be the first time that the weight has been removed and if there were an after­

effect, it would suggest that learning had taken place and that areas rostral to the brainstem 

are capable of mediating this long-term adaptation in response to extra weight on the limb. 

These experiments would only provide information about the site of plasticity, and not the 

nature of the mechanisms whereby learning was enabled. Furthermore, they are limited by 

the inevitability that locomotor ability may be so affected by the decerebration and/or 

spinalization that failure to observe persistent adaptive effects with the weight on or after­

effects after removal of the weight may not reflect the option that adaptive changes resided 

in brainstem, cerebellar, or spinal structures.

One method to approach the nature of the mechanisms used to adapt to the 

additional weight would be to investigate changes in reflex pathways. One possible outcome 

is that changes in the gain of reflex pathways (analogous to the report of W helan and 

Pearson (1997)) were involved. The projects in this thesis have showed that in treadmill 

walking cat preparations, sartorius muscle afferents have an excitatory effect on hip flexor
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activity (Chapters 3 and 4). However, the degree of contribution from other flexor muscle 

afferents has not been investigated. Examination of the possibility of changes in the gain of 

reflex pathways would first require more information about the reflex effects from flexor 

muscle afferents on flexor muscle activity during the swing phase (see above, section 7.3.2). 

A comparison of the relative effects of these reflex pathways between trained and untrained 

animals might show some differences and yield insight into whether changes in transmission 

in reflex pathways are involved in mediating adaptive responses to the extra weight. A 

limitation to this method is that the locomotor rhythm is strongly entrained by the speed of 

the treadmill and effects on flexor burst or cycle duration may be masked (see Chapters 3 

and 4). However, effects on the amplitude of reflex responses to stimulation of flexor 

muscle afferents may at least provide information about changes to the output of 

motoneurons during locomotion (for example, via monosynaptic reflex pathways).

In both the human infant and cat studies, evidence for learning was given by the 

fact that after-effects were observed after removal of the extra weight. Learning of new tasks 

is often discussed in a framework of an ‘inverse internal model’ of the dynamics of the limb 

(Kawato 1999). This concept predicts that control of movement trajectory is controlled by 

adjusting the motor output (i.e. muscle activation and torque generation). Furthermore, a 

prediction of the sensory consequences of the movement is also available to the system via 

the internal model. Given this framework, one might expect that as conditions change, the 

motor program does not compensate for the changes until experience within the new 

condition has been obtained. Thus, depending on the extent of the perturbation, initial 

movements performed within the new condition should produce errors in terms of a 

mismatch between the expected kinematic pattern of the movement and the motor
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command that was issued. W ith experience, however, this mismatch should be corrected as 

the motor commands are adjusted to meet the new demands of the system or environment. 

Behaviourally, one would expect this adjustment period to be manifested as a gradual, 

experience-dependent pattern of adaptation. In the studies presented in Chapters 5 and 6 , 

however, there was not always this gradual pattern of adaptation in compensation for the 

extra weight, particularly in the infants. An apparent lack of a time-dependent pattern of 

adaptation could have been due to the inherent variability in infant stepping. Variability 

was also present between the cats studied. W hen additional weight was added to the 

hindlimb of intact cats, one of the animals showed an immediate response to the weight 

(high stepping) while more gradual adjustments in limb trajectory were observed in the 

other cats. Notwithstanding factors due to variability and individual differences between 

animals, proprioceptive feedback pathways, which sense changes in length and load input, 

may have been involved in the immediate responses to additional weight on the limbs of 

cats and infants and thus partly account for the lack of an observable experience-dependent 

pattern of adaptation. As shown in Chapters 3 and 4, flexor activity during the swing phase 

is strongly modulated by proprioceptive feedback pathways. If such pathways were involved 

in the adaptation to the loading of the limb, then any gradual, experience-dependent 

adaptive pattern to the additional weight would be masked. Thus, it would be important to 

separate the effects of any immediate proprioceptive feedback responses from the effects 

due to the longer-term adaptation process. This was partly addressed in the experiment 

presented in Chapter 5 whereby the nerve to the semitendinosus muscle was cut, thereby 

severely compromising afferent input from this major knee flexor muscle. In this situation, a 

time-dependent pattern of adaptation was observed as a gradual increase in the slope of the
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initial toe trajectory and a short-lived after-effect was observed when the weight was 

removed. Another approach would be to remove the weight sooner, before long-term 

adaptive changes presumably occur. For example, in the cat that showed an immediate high 

stepping as soon as the weight was added, a determination of whether or not this immediate 

high stepping was an immediate proprioceptive feedback response could be achieved by 

removing the weight sooner, perhaps after only 1 full day with the weight on, and noting 

the presence or absence of after-effects. The lack of an after-effect in this case would 

support the notion that the early adaptive response was mediated by reflex pathways and 

indicate that learning had not yet taken place.

Another issue that could be examined in these learning paradigms is the extent to 

which learning in one specific locomotor task transfer to other locomotor tasks. This could 

be addressed in a similar manner as that described for the different directions of infant 

stepping (section 7.2.1). In cats, this could readily be investigated by first training cats to 

walk on a treadmill or along a level, unobstructed walkway and allow them to adapt to an 

extra load strapped around their leg. Would these trained cats then be able to perform 

other locomotor tasks, such as obstacle avoidance or walking along a pegged walkway, 

without having to undergo another learning period?

Finally, an understanding of adaptive strategies used to respond to additional 

loading of the limb should not be limited only to activity during the swing phase of walking. 

Indeed, previous investigations that have examined adaptive strategies for stepping over 

obstacles compared with level walking have noted postural adjustments made in 

preparation for clearance of the obstacle (Lavoie et al. 1995; McFadyen et al. 1999). Some 

indications for postural adjustments before paw lift-off were noted in Chapter 5. A  more
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detailed examination of both flexor and extensor muscle activity from both hindlimbs 

would be valuable to characterize the full adaptive strategy in response to perturbations 

during skilled locomotion.
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These formulas were used to estimate torques at the hip, knee, and ankle during the

swing phase of infant stepping. The same equations were used for the analysis of swing

phase during cat locomotion except that calculations of the mass, lengths, and moments of

inertia of the segments were based on data from Hoy and Zemicke (1985). Data from

Schneider et al. (1990) and Winter (1990) provided the basis for these estimations in the

human infants. Measurement units are indicated in the parentheses.

Segment Masses (kg) 
m3 =  0.0502-m 
m2 =  0.024I'm

L (segment length) 
m (body mass)

Subscripts:
3 =  thigh segment 
2 =  shank segment 
1 =  foot segment

Human Infants:
Moment Arms (m) 
r3 =  Ly0.4859 
r2 =  LfO.4377 
r1= LyO.3469

Segment Masses (kg) 
m3 =  0.0661-m 
m2 =  0.0334-m 
nq =  0.0097-m

Moments of Inertia 
I3 =  my (0.323-L,)2 
I2 =  my (0.302-L2)2 
Ij =  my (0.475-Lj)2

Cats:
Moment Arms (m) 
r3 = LyO.443 
r2 =  Ly0.423
rt = Ly0.4861

irq =  0.0101-m

Moments of Inertia 
I3 =  m3- (0.443-L,)2
I2 =  m 2- (0.423-L,)2 
I, =  my (0.4861-Li)2

0 3, 6  3, 6  3 (thigh segment angle, velocity, and 
acceleration)
6 2, 0 2, 0  2 (shank segment angle, velocity, 
and acceleration)
0  j, 0  j, 0  ! (foot segment angle, velocity, and 
acceleration)

x  3 (hip linear acceleration in the x-direction) 
y  3 (hip linear acceleration in the y-direction)

if  the weight was on:
p =  distance from knee to centre of weight 
wt =  mass of additional weight
m2 =  m2 +  wt 
I2 =  I2 +  wt • (L2*p)2
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Constants:
Pi =  (m i' L3) * r t
P 2 =  (m , • L j) • r t 

p3 =  mi • r, 
p4 = m! * U • L3 
P5 =  (m2 • L3) • r2
p6 = 1% • L/
p7 =  (nq • y  +  (m2 • r2)
p8 =  m2 ' ^3
Pg = ITlj • L3
P 1 0  =  ( m 3 '  r 3 )  +  ( « %  '  L 3 )  +  ( m i  ’ L 3 )

Pn =  (m2 • L3) + ■ L3) + (m3 • r3)
Qj =  m.! • r,2 
Q 2 =  m2 • r2 
0 3 — m3 * r3

P12 =  m 2 ' r2 
P13 =  m2 • r2 • L3 
Pm =  m 3 • r3 
P15 = m2 ' L3 
P i6 =  m2 -r2-L3

Abbreviations:
N T =  net torque
TA A  =  torque due to thigh angular acceleration
TAV =  torque due to thigh angular velocity
LAA = torque due to leg angular acceleration
LAV =  torque due to leg angular velocity
FAA = torque due to foot angular acceleration
FAV =  torque due to foot angular velocity
HLAX =  torque due to hip linear acceleration in the x-direction
HLAY =  torque due to hip linear acceleration in the y -direction
GRAV =  torque due to gravity
MT =  muscle torque
LA =  interaction torque
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Ankle Torques 
N T, =  (I, + Q,) •<?,
TAA, =  -p,xos(0,-<93) • 0  3 
TAV, =  -P fsia(0 , - ^ 3) ■ <9/
LAA, = -p2x o s (0 ,-0 2) ' 9  2 
LAV, = -p2-sin(0 ,-02) • 6 22 
HLAX, =  -Pj-sin^i • x 3 
HLAY, =  p3x o s# , • y  3 
GRAV, =  p3x o s0 ,-9 .8
MT, =  NT, - HLAX, - HLAY, - TAV, - TAA, - LAV, - LAA, - GRAV,
IA, =  TAA, +  TAV, +  LAA, +  LAV, +  HLAX, +  HLAY,

Knee Torques
n t 2 =  (I2 +  Q2) • 0 2
TAA2 =  -(P4xos(<92- 0 3) +  p5x o s (0 2- 0 3) +  p ,x o s (0 ,-0 3)) • 0 3
TAV2 =  -(p4-sin(<?2- 0 3) +  p5-sin(02- 0 3) +  p ,-s in (0 ,-0 3)) • <932

LAA2 =  -(p6 +  p2xos( 0 ,-02)) ■ 0 2

LAV2 =  -(p2-s in (0 ,-0 2)) • 0 22
FAA2 =  -(p2-cos(02-0 ,)  +  (I, +  Q,)) - 0 ,
FAV2 =  -(P2-sin(02-0 ,))  • 6 2 
HLAX2 =  -(p3-sin$, -F p7-sin02) • x 3 
HLAY2 =  (p7x o s0 2 +  P3x o s0 ,) • y 3 
GRAV2 =  (p7x o s0 2 +  p3x o s0 ,) • 9.8
m t 2 =  n t 2 - h l a x 2 - h l a y 2 - t a v 2 - t a a 2 - l a v 2 - l a a 2 - f a v 2 - f a a 2 - g r a v 2 
i a 2 =  t a a 2 +  t a v 2 +  l a a 2 +  l a v 2 +  f a a 2 +  f a v 2 +  HLAX2 +  h l a y 2

Hip Torques
N T3 =  (I3 +  Q 3) ■ 0  3
TAA3 =  - (p ,x o s (0 ,-0 3) +  ( p4+  p5)x o s (0 2- 0 3) +  p8 +  p9) ■ 0 3
TAV3 =  -((P4 +  P5)-sin(02- 0 3) +  p,-sin(6>,-6>3)) • 0 2
LAA3 =  -((P4 +  p5)x o s (0 3- 0 2) +  p6 +  p2x o s (0 ,-0 2) +  I2 +  0 2) • 0 2
LAV3 =  -(p2-sin(6>,-^2) +  (p4 +  p5)-sin(03- 0 2)) • 0 2
FAA3 =  -(P ,xos(03-0 , )  +  p2x o s (0 2-0 , )  +  I, +  O,) • 0  ,
FAV3 =  -(P,-Sin (0 3-0 , )  +  p2-sin(02-0 ,) )  • 0 2 
HLAX3 =  -(P,0-sin^ 3 +  p7-sin# 2 +  p3-sin0,) • x 3 
HLAY3 =  (P,ox o s 0 3 +  p7x o s0 2 + p3xos#,)  • y  3 
GRAV3 =  (p„xos<93 +  p7xos 0 2 + p3xos#,)  • 9.8
m t 3 =  n t 3 - h l a x 3 - h l a y 3 - t a a 3 - t a v 3 - l a a 3 - l a v 3 - f a a 3 - f a v 3 - g r a v 3 
ia 3 =  t a a 3 +  t a v 3 +  l a a 3 +  l a v 3 +  f a a 3 +  f a v 3 +  h l a x 3 +  h l a y 3
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