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 Human walking must be flexible given the myriad of behavioral goals and 

conditions in which it occurs. Alterations to gait often occur after stroke and asymmetries 

of post-stroke gait such as step length and single limb support have shown little 

improvement with traditional therapeutic interventions. Contrasting gait’s inherent 

flexibility with the resistance of hemiparetic gait asymmetries to intervention begs the 

question: to what extent are hemiparetic gait asymmetries alterable? Therefore, the 

purpose of this dissertation was to test a novel form of locomotor adaptation designed to 

specifically alter gait symmetry and determine mechanisms of adaptive interlimb 

coordination in nondisabled and subjects with stroke and hemiparesis. We recorded 



 
 

 
 

electromyography and spatiotemporal gait parameters during treadmill and overground 

walking as subjects adapted their gait to a novel unilateral swing phase perturbation.  

 

In study one we tested whether changes in the leg opposite the unilateral 

perturbation during treadmill walking were caused by practice-dependent adaptation or 

feedback corrective mechanisms. Nondisabled subjects demonstrated adaptations and 

aftereffects of multiple gait parameters and electromyography bilaterally. In study two we 

tested whether locomotor adaptation of spatial and temporal gait parameters was 

impaired in subjects with stroke and hemiparesis compared to nondisabled controls. 

Subjects with stroke had similar adaptations of spatial and temporal gait parameters 

regardless of which leg was perturbed compared to controls. After removal of the 

perturbation, negative aftereffects resulted in subjects with stroke initially walking with 

single limb support symmetry. In study three, we tested the extent to which step length 

symmetry adaptation during a 10-minute bout of treadmill walking generalized to 

overground. Both nondisabled and subjects with stroke generalized step length symmetry 

to overground walking. Negative aftereffects in subjects with stroke indicated they were 

capable of walking with step length symmetry overground. 

 

In summary, our results show feedforward changes in the leg opposite a unilateral 

perturbation, that locomotor adaptation is not impaired by stroke and hemiparesis and 

locomotor adaptation during treadmill walking is capable of generalizing to overground 

walking in nondisabled subjects and those with stroke and hemiparesis. These results 



 
 

 
 

suggest that motor adaptation may be beneficial in the rehabilitation of stroke-induced 

gait asymmetries.      
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Chapter 1 

Introduction: The Control and Flexibility of Human Locomotion 
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Walking, as the primary form of human locomotion, must be successfully 

performed in a variety of environments and circumstances and with a myriad of 

behavioral goals. In order for the central nervous system (CNS) to accomplish this, the 

control of walking must be flexible. If it were not, walking on a level indoor floor one 

moment and outdoors on loose sand while a strong wind is blowing the next moment 

would be difficult or impossible.  

 

Alterations in the normal pattern of walking often occur after CNS injury such as 

stroke with hemiparesis. Addressing the resulting impairments is a major focus of 

neurological rehabilitation. While it appears possible to improve some features of 

walking in persons with post-stroke hemiparesis, on the whole hemiparetic gait 

asymmetries such as step length and single limb support time have been resistant to 

improvement (Dunsky et al. 2008; Patterson et al. 2008; Peurala et al. 2005; Regnaux et 

al. 2008; Silver et al. 2000; Teixeira-Salmela et al. 2001). Contrasting the inherent 

flexibility of the control of walking with an overall lack of success of targeted therapeutic 

treatments to alter the asymmetries of hemiparetic gait begs the question: how flexible is 

hemiparetic gait and to what extent are the asymmetries of stroke-induced hemiparetic 

gait alterable?     

 

Recently, motor adaptation – a practice-dependent adjustment to a motor behavior 

(Martin et al. 1996a) – has been suggested as a possible means to address post-stroke gait 

asymmetries (Reisman et al. 2007, 2009). However, the results of locomotor adaptation 

studies (motor adaptation of gait) have yielded conflicting results. Currently, mechanisms 
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of locomotor adaptation in nondisabled subjects are still not fully explained. Similarly, it 

remains largely unknown whether such an approach could be utilized in persons with 

stroke and hemiparesis. Therefore, the overall purpose of this dissertation was to test a 

novel form of locomotor adaptation that specifically alters gait symmetry and determine 

mechanisms of adaptive interlimb coordination in nondisabled individuals and those with 

stroke and hemiparesis. Furthermore, we wished to determine whether individuals with 

stroke and hemiparesis could acquire this type of locomotor adaptation using feedforward 

mechanisms and whether a bout of such adaptive training in persons with stroke and 

hemiparesis would generalize to the functional task of overground walking. This was 

accomplished through the following three studies.  

 

First, we developed and investigated a new paradigm for inducing a locomotor 

adaptation, in which changes in gait symmetry are induced through a unilateral 

perturbation to one leg. We then tested whether changes in the leg contralateral to the 

perturbation were caused by a feedforward motor adaptation or via feedback-driven 

mechanisms. Our results demonstrated that the perturbation produced numerous 

kinematic changes bilaterally, including changes in swing phase duration, step length and 

hip angular excursion. Kinematic changes occurred gradually with exposure to the 

perturbation and produced negative aftereffects when the perturbation was removed. 

Additionally, kinematic changes were accompanied by increases in electromyography 

(EMG) that persisted when the perturbation was removed. These data provide, for the 

first time, evidence of a feedforward adaptation of walking in the leg opposite a 

perturbation.  
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Next, utilizing the same novel paradigm, we examined the capacity for locomotor 

adaptation in persons with chronic stroke and hemiparesis compared to nondisabled 

controls. Specifically, we examined whether stroke affecting descending motor 

commands for walking impaired adaptation of spatial and temporal gait parameters. 

Nondisabled subjects and those with stroke and hemiparesis adapted step length, single 

limb support duration and interlimb phasing similarly and had similar rates of step length 

symmetry adaptation. When the paretic leg of subjects with stroke was perturbed, 

negative aftereffects resulted in subjects temporarily walking with single limb support 

symmetry. Our results indicate that motor adaptation to a swing phase resistance during 

gait is not impaired by stroke and hemiparesis. Additionally, negative aftereffect-driven 

symmetry indicates that persons with stroke retain the ability to generate gait symmetry. 

 

Finally, we explored the generalization of step length symmetry adaptation from 

treadmill to overground walking in persons with chronic stroke and hemiparesis and age- 

and gender-matched controls. If motor adaptation is to be used in the treatment of 

hemiparetic gait, determining to what extent adaptation occurring during treadmill 

walking can generalize to overground walking is vital. Using the same novel paradigm as 

the previous two studies, subjects adapted their gait during treadmill walking. They then 

walked overground on an instrumented walkway which allowed us to quantify negative 

aftereffect-driven changes in step length symmetry. Our results showed that step length 

symmetry adaptations during treadmill walking generalized to overground walking. 

Subjects with stroke temporarily improved overground step length symmetry. 
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Furthermore, overground gait speed increased after treadmill adaptation. These data 

demonstrate that adaptation of step length symmetry can generalize to overground 

walking, suggesting that motor adaptation-based paradigms may be useful in the 

rehabilitation of step length asymmetries in overground walking in persons with stroke 

and hemiparesis. 

 

The Neural Control of Locomotion 

CNS Control of Locomotion: Spinal-level Control 

The isolated spinal cord in vertebrates is capable of producing patterns of 

movement that are appropriate to locomotion. Nearly 100 years ago, T. Graham Brown 

described alternating muscle contractions in a spinalized, deafferented cat (Brown 1911, 

1914). From this insightful work came the concept of a central pattern generator (CPG). 

A CPG is defined as a neuronal circuit that can produce self-sustaining rhythmic patterns 

of motor output in the absence of sensory input (Grillner 2003). The existence of CPGs 

related to locomotion has been demonstrated in vertebrates such as the lamprey 

(McClellan and Sigvardt 1988; Miller and Sigvardt 2000), the turtle (Stein et al. 1995) 

and the cat (Brown 1911, 1914; Forssberg and Grillner 1973; Forssberg et al. 1975). As 

Forssberg and Grillner (1973) demonstrated, the spinal locomotor CPG alone, therefore, 

is sufficient to sustain the reciprocal stepping movements associated with locomotion in 

the spinalized cat.  

 

Organizational components of the vertebrate locomotor system appear to have 

been conserved across evolution (Grillner 2003). Therefore, it is reasonable to 
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hypothesize that CPGs subserving locomotion also exist in humans. However, as Nielsen 

(2002) observes, there is not an overwhelming amount of evidence to support this and 

what evidence there is must necessarily be less direct than it is in animal models. Perhaps 

the strongest evidence for the existence of CPGs in humans and their role in locomotion 

comes from studies involving persons who have suffered a spinal cord injury. Individuals 

with spinal cord injury can produce movements that are similar to non-disabled persons 

although their muscle activation profiles are substantially different (Ivanenko et al. 2003). 

Furthermore, persons with partial or complete spinal cord injuries, where supraspinal 

input is reduced or absent, can respond to gait perturbations in a complex manner that is 

similar to non-injured subjects (Baken et al. 2005; Dietz 1992; Dietz et al. 2002; Field-

Fote and Dietz 2007).  

 

These studies, while seeming to indicate the presence of CPGs for locomotion 

within the human spinal cord, have several significant limitations. First, regardless of the 

severity of the lesion, sensory feedback to the spinal cord is not abolished. Recall that by 

definition a CPG requires that the neuronal circuit is capable of producing a pattern of 

behavior without sensory input (Grillner 2003). Therefore, even if the spinal cord lesion 

is said to be complete, neural circuits within the spinal cord still will be receiving afferent 

information from the periphery. Second, the degree to which all supraspinal input is 

abolished due to injury is difficult to assess in humans whereas with animal preparations 

it can be assured. Finally, and perhaps most compellingly, animal preparations in which 

all supraspinal influences on gait are abolished are still able to walk on a treadmill 

whereas humans with spinal cord injury are unable to demonstrate a similar level of 
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ability. This latter limitation suggests that while the control of bipedal gait may utilize 

CPG’s, it likely relies on supraspinal control to a greater degree than quadrupedal gait.  

 

Supraspinal Control: Brainstem Structures 

Although the control of walking is dependent on spinal mechanisms, it also 

appears to utilize supraspinal input as well, especially in more demanding situations such 

as stepping over obstacles (Drew 1993; Widajewicz et al. 1994). There is an abundance 

of evidence from animal studies that brainstem structures have an influential role in the 

control of locomotion (Drew et al. 1986; Eidelberg et al. 1981; Mori et al. 1977; Noga et 

al. 1991). In the brainstem, stimulation of the mesencephalic and the pontine locomotor 

regions will produce locomotion in decerebrate cats (Mori et al. 1977; Noga et al. 1991; 

Shik and Orlovsky 1976). In thalamic primates, locomotion can be induced by 

stimulation of the posterior subthalamic region or the midbrain tegmentum (Eidelberg et 

al. 1981). The vestibulospinal and reticulospinal pathways, which have their origin in the 

vestibular and reticular brainstem nuclei, have been shown to influence amplitude and 

rhythmic discharges in flexor and extensor motor neurons for walking as well as 

determining the level of muscle activity needed to modify locomotor patterns when 

walking on an inclined surface (Matsuyama and Drew 2000; Takahashi et al. 1998).   

 

Subcortical Structures 

Subcortical structures are also involved in the control of walking (Takakusaki et 

al. 2003). Modifications of the gait pattern – decreased speed, increased cycle time and 

impairments of the normal alternation of limbs – can be brought about by stimulation of 
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the substantia nigra pars reticulata in decerebrate cats (Takakusaki et al. 2003). The basal 

ganglia circuitry has been theorized to play a role in the control of gait by providing an 

appropriate spatiotemporal framework (Grasso et al. 1999) and disorders of the basal 

ganglia are also associated with greater stride-to-stride variations in humans (Hausdorff 

et al. 1998). The cerebellum is also involved with limb control and the appropriate timing 

of gait events (Armstrong and Edgley 1984; Udo et al. 1980). Additionally, lesions to the 

intermediate cortex of the cerebellum have been found to cause alterations in multi-joint 

limb control during gait in humans (Ilg et al. 2008).     

 

Cortical Structures 

Evidence from animal models indicates that cortical structures play a vital role in 

the control of locomotion (Bretzner and Drew 2005; Drew 1988, 1993; Malouin et al. 

2003; Sahyoun et al. 2004; Suzuki et al. 2004, 2008; Widajewicz et al. 1994).  Drew 

(1988) found that when cats were required to step over obstacles affixed to a treadmill 

belt, pyramidal tract neurons showed increases in discharge rates. This implied that the 

motor cortex was involved in gait pattern modification, allowing the cats to clear the 

obstacle (Drew 1988). Widajewicz et al. (1994) reported similar results when cats were 

forced to step over obstacles with their hindlimbs during treadmill walking. Stimulation 

of the motor cortex during gait can modulate the timing of hindlimb muscles in cats 

(Bretzner and Drew 2005) and cerebral structures may play a role in gait cycle timing 

(Rho et al. 1999). The motor cortex also appears to be involved in gait modifications that 

are triggered by vision (Beloozerova and Sirota 1993).  
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Increasingly, there is more evidence of cortical influence on gait control in 

humans. However, as in the case of the CPG’s existence, the supporting evidence is 

somewhat less direct than it is in animal models and usually relies on the use of 

investigational techniques such as transcranial magnetic stimulation and near-infrared 

spectroscopy or the study of gait in persons with cortical lesions. Capaday et al. (1999) 

used transcranial magnetic stimulation to activate the motor cortex while subjects walked 

on a treadmill. Their results showed that the motor cortex, via the corticospinal tract, was 

closely linked to activation and control of ankle flexors during gait (Capaday et al. 1999). 

Petersen et al. (2001) also used transcranial magnetic stimulation over the primary motor 

cortex during locomotion to investigate its role during gait. By using low intensity 

transcranial magnetic stimulation, they demonstrated that stimulation of the motor cortex 

was able to suppress tibialis and soleus EMG activity during gait. Using fMRI, Sahyoun 

et al. (2004) demonstrated increased activity in the frontal and association cortices during 

the preparation and anticipation ankle flexion and extension (movements which are 

components of gait) with the supplementary and cingulate motor cortices showing 

activity related to movement planning and execution. When given a signal to prepare for 

walking (a “Ready” command), Suzuki et al. (2008) noted increased activity in the 

prefrontal and premotor cortices, suggesting that these areas played a role in walking 

preparation. These same areas also appear to be involved in changing gait speed during 

treadmill walking and running (Suzuki et al. 2004). Miyai et al. (2001) showed gait-

related increased activity in the medial primary sensorimotor cortices and supplementary 

motor regions bilaterally.  
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It is worth noting that upright, bipedal gait is inherently less stable than 

quadrupedal gait and as such, likely requires greater cortical control (Armstrong 1986; 

Capaday et al. 1999; Dietz 1992; Dietz et al. 2002). When bipedal gait is disturbed by a 

perturbation, a complex coordination of leg muscles is required to maintain the body’s 

equilibrium (Dietz and Duysens 2000), which is thought to be indicative of increased 

cortical control. Additionally, cortical lesions generally produce greater deficits in human 

gait than they do in animal models (Yang and Gorassini 2006), suggesting an overall 

greater involvement of the cortex in the control of upright gait. Impairments of interlimb 

coordination have also been noted in persons with stroke affecting descending motor 

commands, suggesting cortical control of interlimb coordination in upright, bipedal gait 

(Hesse et al. 1999; Kautz and Patten 2005; Kautz et al. 2006; Lucareli and Greve 2008; 

Tseng and Morton 2010; von Schroeder et al. 1995). In summary, the control of gait and 

interlimb coordination, especially upright bipedal gait, requires spinal and supraspinal 

structures.  

 

Peripheral Control of Locomotion: Use of Afferent Information 

Both the spinal cord and brain utilize afferent input in the control of gait (Dietz et 

al. 2002; Nielsen and Sinkjaer 2002; Varraine et al. 2002). Spinal afferent input can be 

used by the CNS to modify commands which drive motoneurons responsible for gait. For 

example, hip position has been shown in animal and human studies to be important in 

determining the onset of the stance to swing transition (Andersson and Grillner 1983; 

Duysens and Pearson 1976; Hiebert et al. 1996; McVea et al. 2005; Pang and Yang 2000; 

Yang et al. 1998). Dietz et al. (2002) found that when humans with spinal cord injury 
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walked with a driven gait orthosis, EMG activity in the proximal and distal leg muscles 

was decreased or absent during complete body weight unloading compared to performing 

the same task with 70% body weight unloading. This strongly suggests that lower 

extremity afferent information plays a role in gait control. Cutaneous sensory information 

can also be used to adjust walking on a step-by-step basis and during more demanding 

contexts (Bouyer and Rossignol 1998; Bouyer and Rossignol 2003a, b; Rossignol et al. 

2006).  

 

Afferent information also serves to inform the motor system about errors of 

movement execution (Nielsen and Sinkjaer 2002) which can then be used to change or 

update the motor output to be more accurate for a given task and context. For example, 

proprioceptive information from joints, muscle spindles and Golgi tendon organs, 

transmitted to the cerebellum via the dorsal spinocerebellar tract (Grüsser and Kröller 

1979; Loeb et al. 1977; Loeb et al. 1985), can be used by the CNS to compare predicted 

with actual sensory outcomes. In this way, feedback information can be utilized by the 

CNS to alter feedforward (predictive) motor commands. The CNS also utilizes vision in 

the control of gait with optic flow being used to assess gait’s speed and direction 

(Rossignol 1996). Furthermore, vision allows the CNS to modify gait during obstacle 

avoidance (Timmis et al. 2009) and in altered visuomotor environments to fine-tune foot 

placement (Jahn et al. 2001; Morton and Bastian 2004), thus using contextual cues from 

the environment to alter locomotor output.  
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Control of Interlimb Coordination during Locomotion 

The precise control of interlimb coordination during gait also involves several 

levels within the CNS. The isolated lumbosacral spinal cord has been shown to be 

sufficient for the coordination of hindlimb walking in cats (Carter and Smith 1986) and a 

hemisection of the spinal cord will produce deficits in interlimb coordination (Kuhtz-

Buschbeck et al. 1996). Subcortical and cortical structures have been shown to participate 

in interlimb coordination in animal models (Blaszczyk and Dobrzecka 1995; Lavoie and 

Drew 2002) and in humans (Debaere et al. 2001).  

 

Peripheral afferent information also contributes to the precise control of interlimb 

coordination. Afferent information from one leg has been shown to influence activity in 

the opposite leg in animal (Forssberg et al. 1980; Giuliani and Smith 1985; Timoszyk et 

al. 2002) and human models (Kautz et al. 2002; Ting et al. 1998, 2000). By using a 

specially designed recumbent pedaling paradigm, Ting et al. (1998) found that inhibitory 

pathways from elements controlling extensor muscles in one leg have a strong influence 

over elements controlling flexor muscles in the other leg. In a later study using a similar 

paradigm, Ting et al. (2000) found that mechanisms responsible for interlimb neural 

coupling may also coordinate activity between muscles that have antagonistic functions 

on opposite sides of the body. Perturbations to the swing leg during gait have been shown 

to affect the stance leg in an immediate manner, allowing the continuation of ongoing 

gait (Dietz et al. 1986; Eng et al. 1994) and vice versa (Berger et al. 1984; Dietz et al. 

1989; Timoszyk et al. 2002).   
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Flexibility in the Control of Walking  

The control of interlimb coordination must be flexible enough to allow the 

maintenance of upright stance and forward progression of the body in many different 

contexts and behavioral goals. Yet despite its importance in gait, there is much we do not 

know. For example, it is unknown if a perturbation to one leg during walking causes 

feedforward changes in movements, i.e. motor adaptation, in the contralateral leg. Given 

the tight control of interlimb coordination during gait and evidence that perturbations to 

the swing leg are able to affect changes in the contralateral leg, it could be hypothesized 

that consistent, predictable perturbations to a single leg would result in the adaptation of 

movements not only in that leg but also in the contralateral leg. However, this has not yet 

been investigated and it is unknown whether changes in the leg contralateral to a 

perturbation during walking occur via feedforward or feedback mechanisms.  

 

Feedback and Feedforward Control 

Alteration of a movement caused by a perturbation can occur via two related but 

fundamentally different control mechanisms: feedforward and feedback. Feedback 

control refers to corrective responses in a movement that are made on the basis of 

returning sensory feedback information (Desmurget and Grafton 2000; Fender and Nye 

1961) and can produce essential changes to a movement pattern (Eng et al. 1994; 

Forssberg et al. 1975; Hiebert et al. 1994).  

 

For example, consider changes in gait brought about by catching your foot on an 

uneven section of sidewalk. If this occurs early in the swing phase of the gait cycle, the 
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perturbed swing leg reacts by elevating, increasing toe clearance and step length (Eng et 

al. 1994). The changes in gait that happen are in response to this unexpected perturbation. 

Hence, feedback control may also be referred to as “reactive” control. The CNS alters an 

ongoing movement based on feedback information from the periphery. Contrast this with 

gait changes that occur when a person walks with an ankle weight on one leg. Initially, he 

or she may take a shorter step with that leg because the weight unexpectedly increases the 

overall mass of the leg. However, as the person continues to walk, the abnormal stepping 

pattern will gradually disappear and gait will appear normal as the nervous system learns 

the predictable change in the leg’s dynamics. Then after a period of time, when the 

weight is removed, the person will again show an abnormal stepping pattern, but this time 

it will be a longer step on the previously weighted side. As before, this will occur because 

removal of the weight will once again alter the dynamics of that leg, with it now having 

less mass than expected. Only after continued walking with the weight removed will the 

person’s gait normalize. The changes in gait brought about by the weight are an example 

of feedforward control. Feedforward or “predictive” control represents the intended 

motor plan for a movement (e.g., advance the leg forward) (Miall and Wolpert 1996). In 

the current example, the CNS learns over time to anticipate the altered dynamics of the 

leg and changes the feedforward motor plan accordingly to maintain the correct step 

length in this new context. As such, feedforward changes require practice to be acquired 

and are thought to alter the internal model used by the CNS during the movement. 
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Internal Models 

An internal model is a neural mechanism that is capable of simulating “the 

input/output characteristics, or their inverses, of the motor apparatus” (Kawato 1999, p. 

718). Simply put, an internal model is able to generate the motor commands required to 

affect a movement and the predicted sensory consequences of that movement. This 

concept was proposed by Gurfinkle et al. (1988) as an internal representation of the 

body’s configuration and dynamics, although as Kawato (1999) observes, it likely had its 

origins earlier in control systems theory. An internal model is used by the motor system 

to allow it to predictively compensate for alterations in the forces imposed by the 

environment (Shadmehr and Mussa-Ivaldi 1994) by altering muscle activity in a 

predictive manner (Thoroughman and Shadmehr 1999). As such, the internal model is an 

integral component of feedforward motor control. It allows the accurate performance of 

movement despite changes in the environment, both internal (i.e. changes in limb 

dynamics due to growth, injury, etc.) and external (i.e. the environment in which the 

movement is performed). It is especially important in the initial stages of a movement 

when peripheral feedback regarding performance does not reach the motor system in time 

to affect a correction. The internal model thus represents an elegant solution to the 

problem in motor control of temporal delays inherent in sensory feedback.   

 

In general, there are two types of internal models: forward and inverse. As stated 

by Kawato (1999, p. 718), “Forward internal models can predict sensory consequences 

from efference copies of issued motor commands. Inverse internal models, on the other 

hand, can calculate necessary feedforward motor commands from desired trajectory 
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information.” This arrangement allows the CNS to generate a sensory prediction of what 

should happen (forward model), which can subsequently be compared to what actually 

does happen when a movement is executed. This comparison (error signal) is the result of 

feedback information and can then be used to alter the motor command so that ultimately 

predicted, i.e. forward model output, and actual sensory consequences match.  

Presumably, this is done by updating the inverse model so that its output is appropriate 

for the task and the context in which it must occur (Kawato 1999). Importantly, because 

of the practice-dependent changes that occur in response to a predictable perturbation, 

motor adaptation has been used to investigate the formation and updating of internal 

models.  

 

Motor Adaptation Defined 

Motor adaptation to altered sensory input has been studied for well over a century 

(Choi and Bastian 2007; Held and Hein 1958; Helmholtz 1909/1962; Malone and Bastian 

2010; Martin et al. 1996a, b; Morton and Bastian 2004; Reisman et al. 2005; Shadmehr 

and Mussa-Ivaldi 1994; Stratton 1897). A precise definition of what constitutes motor 

adaptation is provided by Martin et al. (1996a) and this strict terminology will be adopted 

throughout this dissertation. Motor adaptation is the practice-dependent modification of a 

movement in response to a novel stimulus or perturbation that initially causes the 

movement to be inaccurate in some way. The adapted movement must retain its basic 

identity in that it will have the same general features or end result (i.e., a reach will still 

be a reach) but some of its parameters, such as force or direction will change. The 

parameters that change do so through trial-and-error practice. As such, the change will be 
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gradual (occurring over several movements) rather than abrupt. Once the movement is 

adapted, removal of the perturbation results in negative aftereffects – movement errors 

that are the opposite of those observed during the initial period of adaptation. Negative 

aftereffects provide behavioral evidence of CNS storage of new feedforward motor 

commands induced by the perturbation (Shadmehr and Mussa-Ivaldi 1994; Weiner et al. 

1983) and are thought to indicate that the internal model of the movement has been 

altered. Thus, motor adaptation is thought to be one avenue by which motor learning can 

occur (Shadmehr and Wise 2005).  

 

The adaptation of pointing while wearing prisms that laterally shift gaze by a 

known amount can be used to exemplify the criteria for motor adaptation. When subjects 

point to a target before donning prism lenses, they do so accurately. Then, when first 

wearing the prisms, subjects will miss the target by an amount equal to the lateral shift 

induced by the prism lenses. Through trial-and-error adaptation, subjects gradually gain 

correct pointing movement direction and accuracy despite the lateral gaze shift. When 

they remove the prism lenses after adapting and attempt to point to the target again, 

subjects will miss the target. However, this time they will miss it in the opposite 

direction, producing a negative aftereffect (Martin et al. 1996a, b). The original 

movement – accurately pointing to the target without prism lenses – cannot be performed. 

Subjects regain their pre-perturbed accuracy in the same way they adapted their pointing: 

with trial-and-error practice – i.e., de-adaptation.  
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Similarly, walking with a weight around one ankle will cause step length on the 

weighted leg to initially decrease. However, through continued walking, as predictive 

muscle activity changes, steps on that side will return to their previous length, restoring 

interlimb symmetry. Then when the weight is removed, muscle activity, which would be 

appropriate when the weight was on but is now excessive, initially will cause step length 

on that leg to be increased (negative aftereffect). Step length will gradually return to 

symmetry as walking continues and predictive muscle activity is again changed (de-

adapted). Motor adaptation thus involves changes in motor performance that allow the 

motor system to perform optimally when the circumstances in which it must operate are 

altered. When these circumstances are returned to their original state, the adapted 

movement will no longer be appropriate and must be de-adapted. 

 

The rate at which adaptation during locomotion occurs is variable and has been 

reported to range from less than five strides (Lam et al. 2006) to 45 – 50 strides (Noble 

and Prentice 2006) to approximately 300 strides (Malone and Bastian 2010). The 

duration of negative aftereffects (the number of strides needed to return to a steady state 

after a perturbation is removed) likewise varies and has been reported to range from less 

than five strides (Emken and Reinkensmeyer 2005) to 70 strides (Noble and Prentice 

2006). The differences in rates of adaptation likely reflect differences in the methods in 

which gait was perturbed and in the task conditions.  

 

Consider the previous example of walking with a weight on one leg. Evidence has 

shown that a perturbation to one leg can affect the other (Berger et al. 1984; Dietz et al. 
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1989; Dietz et al. 1986; Eng et al. 1994; Timoszyk et al. 2002). It has also been shown 

that a single leg perturbation during treadmill walking results in motor adaptation in the 

perturbed leg (Blanchette and Bouyer 2009). Therefore, it could be hypothesized that 

since gait is a bilateral activity, if a feedforward motor adaptation occurs in a single leg 

that is perturbed it would also occur in the contralateral unperturbed leg. On the other 

hand, any changes observed in the contralateral leg could instead occur through purely 

feedback mechanisms. To date, however, this has not been investigated. We specifically 

address this question in the study reported in Chapter 2 (Savin et al. 2010).  

 

Neurophysiology of Motor Adaptation 

There is ample evidence that the cerebellum is intimately involved in the process 

of motor adaptation (Lang and Bastian 1999; Martin et al. 1996a; Maschke et al. 2004; 

Morton and Bastian 2004, 2006; Smith and Shadmehr 2005; Thach et al. 1992; 

Yanagihara and Kondo 1996; Yanagihara and Udo 1994). Cerebellar lesions have been 

shown to impair or abolish motor adaptation in animal models (Baizer and Glickstein 

1974) and humans (Morton and Bastian 2004). Indeed, while subjects without cerebellar 

pathology demonstrate normal adaptations to walking on a split-belt treadmill, those with 

cerebellar pathology do not; they are able to demonstrate feedback changes but do not 

exhibit predictive, feedforward adaptations (Morton and Bastian 2006).  

 

The cerebellum receives abundant sensory information related to movement from 

the periphery via the dorsal spinocerebellar tract (Grüsser and Kröller 1979; Loeb et al. 

1977; Loeb et al. 1985) and from spinal cord interneurons via the ventral spinocerebellar 
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tract (Ha and Liu 1968; for review see Bastian and Thach 2002). Recall that sensory 

prediction error appears to be a primary component driving motor adaptation. Evidence 

suggests that the cerebellum uses this error signal to help bring about motor adaptation 

(Miall et al. 2007; Tseng et al. 2007). The cerebellum has also been suggested as the site 

for formation and storage of forward internal models (Atkeson 1989; Diedrichsen et al. 

2007; Kawato et al. 1987; Miall 1989; Pasalar et al. 2006).    

 

While the cerebellum appears to be crucial to the process of motor adaptation, 

other nervous system structures may not be as essential. Huntington’s disease, which 

begins primarily as a basal ganglia disorder (Harris et al. 1996), does not appear to impair 

motor adaptation. Persons with Huntington’s are able to adapt arm movements while 

reaching with a robotic manipulandum in a viscous curl field, but those with cerebellar 

degeneration are not (Smith and Shadmehr 2005). Persons with Parkinson’s disease are 

also able to adapt to a visuomotor perturbation (Marinelli et al. 2009) and during a 

locomotor task (Hong et al. 2007). It is unclear to what extent persons with cerebral 

stroke can adapt walking. One paradigm suggests that individuals with chronic stroke and 

hemiparesis can adapt some gait parameters such as step length and double limb support 

time (Reisman et al. 2007). However, no other paradigms have examined this possibility 

using a strict motor adaptation approach.  

 

What Drives Motor Adaptation? 

In all motor adaptation paradigms the perturbation, regardless of its nature, 

initially results in an error signal reaching the CNS indicating that the actual movement 
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did not match the intended movement. In other words, changes in feedforward motor 

commands occur as a result of feedback signals informing the motor system that the 

movement was inaccurate. Sensory prediction errors, i.e. errors that result from a 

mismatch between how the brain predicted the body would move and how the body 

actually did move (Tseng et al. 2007) and motor corrections are potential sources of 

error-driven adaptation (Kawato 1996; Wallman and Fuchs 1998; Wolpert and Miall 

1996). In addition to these errors, there is also evidence that the motor system may adapt 

movements to minimize a cost function associated with a perturbation, thereby not only 

minimizing kinematic error but also the amount of effort required (Emken et al. 2007; 

Izawa et al. 2008; Todorov 2004). Recently, Kao et al. (2010), in a study of gait 

adaptation to a robotic exoskeleton, proposed that the maintenance of joint moments also 

drives the process of motor adaptation. Irrespective of the means by which it occurs, 

motor adaptation results in a change in motor output suggesting that a recalibration of the 

CNS’s internal model of the task has occurred (Shadmehr and Mussa-Ivaldi 1994; 

Thoroughman and Shadmehr 1999).   

 

Motor Learning, Internal Models and their Relationship to Motor Adaptation 

Motor learning is defined as a “set of internal processes associated with practice 

or experience leading to a relatively permanent gain in performance capability” (Schmidt 

1991, p. 285). Motor learning requires trial-and-error practice and can occur through the 

formation and updating of internal models, just like motor adaptation (Bastian 2008; 

Martin et al. 1996a, b; Schmidt 1991). Therefore, motor adaptation (and the formation or 

updating of an internal model) may be an initial component of one important form of 
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motor learning and new skill acquisition (Shadmehr and Wise 2005). For example, 

Martin et al. (1996a) had subjects repeatedly adapt ball throwing while wearing laterally 

deviating prism lenses four days a week for six weeks. They found that after training, 

subjects’ initial throw accuracy with the prisms on or removed was indistinguishable 

from their baseline accuracy (Martin et al. 1996a). What had initially produced an error 

requiring adaptation and resulting in negative aftereffects now did not. Their results 

showed that the motor system was able to use motor adaptation to acquire the skill of 

accurately throwing while wearing prism lenses. In other words, repeated motor 

adaptation updated the internal model of the task and resulted in motor learning: subjects 

learned to throw a ball accurately in two different contexts. The change in motor behavior 

due to the updating of the internal model is an example of short-term motor learning and 

if the change is retained, we can say that the new movement pattern has been learned. 

The ability of motor adaptation to change or update an internal model leading to motor 

learning suggests that motor adaptation could be used in rehabilitation where often the 

goal is to make a disease-altered movement pattern more efficient, accurate and 

functional. 

 

Motor Adaptation and Rehabilitation 

Motor adaptation, despite its transient nature, is vitally important to human 

behavior and rehabilitation. It allows the motor system to exert a highly flexible amount 

of control over movement during temporary, predictable changes in task demands. This 

allows the motor system to take a learned movement pattern and adapt it for a variety of 

differing situations (Bastian 2008). Doing so greatly increases the motor system’s 
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flexibility while decreasing the demands placed on it. Recall the previous example of 

walking with an ankle weight. The nervous system did not need to learn a completely 

new gait pattern. The existing pattern simply could be adapted to reflect the altered 

dynamics of the leg.  

 

Studying motor adaptation and the negative aftereffects produced, particularly in 

the presence of pathology, also allows us to assess to what extent the injured nervous 

system is capable of producing normal movement patterns (Bastian 2008). For example, 

Reisman et al. (2007) have shown that despite baseline gait asymmetry, motor adaptation 

during split-belt treadmill walking in persons with stroke and hemiparesis can result in 

subjects temporarily walking with gait symmetry, indicating that the injured nervous 

system was still capable of producing a normal movement pattern. The use of motor 

adaptation to facilitate motor learning in individuals undergoing rehabilitation of 

movement disorders may be particularly useful because those needing rehabilitation do 

not need to learn a particular movement de novo. While they are able to perform the 

movement, it may be inaccurate or inefficient. In this instance, motor learning brought 

about by motor adaptation would allow them to recalibrate the internal model of the 

movement so that it is more accurate, efficient and functionally effective (Bastian 2008). 

The significance of motor adaptation’s ability to update an internal model and its 

relationship to rehabilitation is highlighted by Krakauer (2006, p. 85) who observes, “The 

importance of the concept of internal model to rehabilitation is that the model can be 

updated [adapted] as the state of the limb changes. Thus rehabilitation needs to 

emphasize techniques that promote formation of appropriate internal models and not just 
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repetition of movements.” Motor adaptation thus represents an important avenue during 

rehabilitation to update the internal model utilized by the CNS and by extension, to bring 

about motor learning. As such, motor adaptation could be particularly useful in the 

rehabilitation of walking impairments that occur because of stroke.  

 

Flexibility in the Control of Walking Post-Stroke 

The Impact of Stroke on Gait  

Stroke is the leading cause of long-term disability in the United States. 

Approximately 780,000 people experience a new or recurrent stroke each year with 

600,000 being first attacks (Rosamund et al. 2008). Due to advances in medical care, as 

many as 4,000,000 individuals are living with stroke-induced deficits (Kelly-Hayes et al. 

1998). One very common and functionally limiting outcome following stroke is 

hemiparetic gait. Compared to nondisabled gait, post-stroke hemiparetic gait is often 

characterized by decreased gait speed, decreased cadence, increased gait cycle time and 

duration of double limb support (von Schroeder et al. 1995).  Additionally, the paretic leg 

often demonstrates additional deficits: decreased hip flexion at initial contact and during 

mid swing; increased hip flexion at lift off; increased knee flexion at initial contact and 

decreased knee flexion at lift off and mid swing; knee hyperextension during single limb 

support duration; and increased ankle plantar flexion at initial contact with decreased 

plantar flexion at lift off (Burdette et al. 1988; Hesse et al. 1999; Lehmann et al. 1987; 

Lucareli and Greve 2008; for review, see Olney and Richards 1996). These deficits result 

in hemiparetic gait being asymmetrical with respect to many parameters, including step 

length and single limb support duration (Brandstater et al. 1983; De Bujanda et al. 2003; 
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Hesse et al. 1999). Persons with post-stroke hemiparesis also have significant limitations 

of gait endurance compared to non-disabled individuals (Dean et al. 2001). On the whole, 

these changes result in an inefficient and functionally less effective gait pattern (Chen et 

al. 2005; Hsu et al. 2003; Oken and Yavuzer 2008; Wall and Turnbull 1986), with many 

survivors of stroke experiencing severe deficits in their functional mobility, limiting their 

ability to resume their prior societal roles (Rosemund et al. 2008).   

 

Impairment of Interlimb Coordination in Stroke 

Evidence shows that interlimb coordination is often impaired by stroke. Kautz et 

al. (2006), using a unilateral pedaling task to investigate interlimb coordination, found 

increased muscle activity in the nonpedaling leg in subjects with stroke compared to non-

disabled controls. Tseng and Morton (2010) compared subjects with stroke to non-

disabled controls as they performed ankle movements and observed abnormalities in both 

kinematics and EMG in subjects with stroke. They found activity of the nonparetic leg, 

particularly in antiphase movements, resulted in impairments of interlimb coordination. 

Kautz and Patten (2005) found that during a pedaling task, interlimb influence from the 

nonparetic limb resulted in exacerbated paretic limb EMG timing abnormalities which 

increased the paretic limb’s resistance to flexion and reduced pedaling speed. Perhaps the 

most obvious signs of impaired interlimb coordination in stroke are the asymmetries of 

many gait parameters such as step length and single limb support.  
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Motor Learning and Motor Adaptation in Stroke 

Motor learning and re-learning is a foundational component of neurorehabilitation 

(Hanlon 1996) and is thought to be impaired in stroke. Yet despite its relevance to motor 

recovery there have been few studies of motor learning in stroke (Krakauer 2006). Ding 

et al. (2002) found that rats with middle cerebral artery occlusion showed slower rates of 

improvements in motor performance during a series of motor tests compared to controls, 

suggesting that stroke impaired motor learning. In human studies, motor learning has 

been shown to be impaired in persons with stroke (Boyd and Winstein 2001, 2003, 2004, 

2006). Boyd and Winstein (2003, 2004) investigated the effect of explicit instruction 

(specific instructions or directions) on implicit motor learning during a motor sequencing 

task. They found that explicit instruction was detrimental to implicit motor learning in 

individuals with middle cerebral artery stroke and stroke affecting the basal ganglia 

(Boyd and Winstein 2003, 2004). Stroke severity has also been found to have a 

detrimental impact on the capacity for motor learning (Boyd et al. 2007).  

 

From studies such as these, it has been postulated that post-stroke hemiparesis is 

associated with severely impaired motor learning. However, it is important to distinguish 

sequence learning and motor adaptation as two very different forms of motor learning. 

Sequence learning is not muscle- or movement pattern-specific and therefore is unlikely 

to involve adjustment to an internal model for movement, the defining feature of motor 

adaptation. Therefore it is possible that sequence learning could be impaired although 

adaptation remains intact. In fact, Rossetti et al. (1998) found that persons with stroke 

and hemispatial neglect were able to adapt pointing while wearing prism lenses. Patton et 
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al. (2006) and Scheidt and Stoeckmann (2007) found that subjects with stroke were able 

to adapt reaching movements while moving a robotic manipulandum, suggesting that 

cortical damage does not impair motor adaptation. Reisman et al. (2007, 2009) 

investigated motor adaptation in subjects with stroke and hemiparesis and nondisabled 

controls during split-belt treadmill walking. Their results indicated that subjects with 

stroke adapted their gait similarly to controls. All of these results suggest that post-stroke 

hemiparesis may not disrupt true motor adaptation. Interestingly, Choi et al. (2009) 

studied motor adaptation in children with hemispherectomy in an effort to determine to 

what extent cortical structures were involved in gait adaptation. They found that while 

spatial parameters of gait, such as step length, adapted similarly to controls, temporal 

parameters such as double limb support did not. Recall that there is evidence that cortical 

structures are involved in the control and modification of gait event timing (Bretzner and 

Drew 2005; Rho et al. 1999). Thus while motor adaptation during gait in subjects with 

stroke and hemiparesis may be similar to nondisabled controls, impairments may still 

exist, particularly in the temporal domain. 

 

Response of Hemiparetic Gait to Interventions 

There is ample evidence that some gait limitations caused by stroke respond to 

targeted therapeutic interventions. Silver et al. (2000) reported that treadmill training 

improved overground locomotion in persons with chronic stroke but did not reduce the 

asymmetry of hemiparetic gait. Teixeira-Salmela et al. (2001) used a lower extremity 

muscle strengthening and aerobic conditioning intervention to assess their effects on 

subjects with chronic post-stroke hemiparetic gait. They found that while gait speed and 
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stride length increased after the intervention, there were no changes in subjects’ gait 

symmetry (Teixeira-Salmela et al. 2001). Peurala et al. (2005) assessed the use of gait-

oriented rehabilitation using an electromechanical gait trainer with body weight support 

in subjects with chronic post-stroke hemiparesis. They found that while gait velocity 

improved and step lengths increased bilaterally, there were no changes in gait symmetry 

(Peurala et al. 2005). Dunsky et al. (2008) assessed changes in gait in response to a 

home-based motor imagery program in subjects with chronic post-stroke hemiparesis. 

They found improvements post-training in paretic and non-paretic step length, increased 

single limb support time in the paretic leg, no change in ankle range of motion and a 

small (10%) improvement in gait symmetry due mainly to an increase in the paretic limb 

support period (Dunsky et al. 2008). Patterson et al. (2008) reported that while gait 

velocity, stride length, paretic and non-paretic step length and cadence increased 

significantly in subjects with stroke after 6 months of treadmill aerobic exercise, there 

were no changes in interlimb symmetry variables or overground walking symmetry. 

Hornby et al. (2008) compared therapist- versus robotic-assisted gait training and found 

that while there were increases in gait speed and single limb stance time in the affected 

legs of subjects, there were no significant changes in step length asymmetry in either 

group.  

 

Regnaux et al. (2008) examined whether constraining one leg with an ankle 

weight during a single session of treadmill walking has the ability to change overground 

walking symmetry in subjects with post-stroke hemiparesis. They weighted the non-

paretic legs of individuals with stroke while they walked on a motorized treadmill and 



29 
 

 
 

then examined the effects on overground walking without the weight. They found that 

step length increased bilaterally, stance time decreased bilaterally and walking speed 

increased. However, there was no reduction in subjects’ step length asymmetry. Given 

asymmetrical gait in stroke and hemiparesis is associated with an elevated risk for falls 

and serious injury (Di Fabio et al. 2004; Nyberg and Gustafson 1995; Ramnemark et al. 

2000) and evidence suggesting improved gait symmetry may result in increased 

hemiparetic gait velocity (Balasubramanian et al. 2007; Roth et al. 1997), it is important 

to find effective means of addressing hemiparetic gait asymmetries in order to maximize 

locomotor safety and function. 

 

Addressing Impaired Interlimb Coordination Post-stroke: The Role of Motor Adaptation 

The above studies show evidence that individuals with chronic post-stroke 

hemiparesis can improve certain aspects of their gait. However, these traditional 

approaches have not been very effective at addressing stroke-related impairments of 

interlimb coordination and associated gait asymmetries. We propose that a novel 

approach utilizing motor adaptation mechanisms could drive changes within the internal 

model for locomotion. Recall that motor adaptation consists of more than simple task 

repetition. Rather, it is a perturbation-driven, practice-dependent adjustment to a motor 

behavior that will create negative aftereffects when the perturbation is removed. Thus, it 

is not increasing gait speed or cadence as a result of a training program, nor is motor 

adaptation the same as the passively-induced increased gait symmetry that occurs 

immediately when persons with post-stroke hemiparesis walk on a motorized treadmill 

(Harris-Love et al. 2001; Hesse et al. 1999).  
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Since motor adaptation has the potential to alter the internal model of a 

movement, it presents the possibility that the internal model utilized in hemiparetic gait 

could also be altered to improve interlimb coordination. If so, then motor adaptation 

represents a way to target hemiparetic gait asymmetry, which thus far has shown little 

response to traditional interventions. Motor adaptation also has the potential to 

significantly improve symmetry in a relatively short time (Reisman et al. 2007, 2009) 

compared to training programs lasting as long as three months (Silver et al. 2000) which 

did not alter symmetry.  

 

Very few studies have examined motor adaptation in persons with stroke and we 

are aware of only one group that has investigated motor adaptation during locomotion in 

this patient population (Reisman et al. 2007, 2009). If motor adaptation is intact, then this 

presents a potential avenue for affecting motor learning in persons with stroke. However, 

many questions still remain. It is not known if perturbing the paretic versus the 

nonparetic legs of subjects with stroke will result in differences in interlimb coordination 

and adaptation during locomotion. If the paretic and nonparetic legs do adapt similarly, 

then the perturbation could be applied to either leg. If they do not then careful 

consideration will need to be given as to which leg is perturbed. In Chapter 3, we report 

the ability of subjects with stroke and hemiparesis to perform our novel locomotor 

adaptation paradigm. Importantly, we document adaptive capabilities in both the spatial 

and temporal domain and quantify rates of adaptation, which heretofore have not been 

reported in this population, as we perturb the paretic and nonparetic legs.  
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Toward a Clinical Application of Motor Adaptation 

Generalization of Motor Adaptation  

Generalization of a motor adaptation can be defined as the presence of negative 

aftereffects in a context that is different from that in which the original adaptation 

occurred. There is evidence that motor adaptation can generalize to different contexts. 

Shadmehr and Mussa-Ivaldi (1994) investigated motor adaptation as subjects moved a 

robotic manipulandum in a viscous force field. After they adapted, subjects demonstrated 

substantial aftereffects in areas of the workspace where they had not experienced the 

force field. In other words, motor adaptation that occurred in one context generalized to 

another. Wang and Sainburg (2005), in investigating whether visuomotor rotation causes 

a remapping of final limb positions or movement vectors, tested the generalization of 

motor adaptation. They found substantial generalization of adaptation to the unexposed 

workspace when movements were made in the same direction as occurred during 

adaptation, suggesting that motor adaptation was not strictly context dependent. Cothros 

et al. (2006) examined the generalization of motor adaptation during reaching in a force 

field to reaching in free space. After adapting to reaching with a robotic manipulandum in 

a force field, they found small but significant aftereffects when subjects then reached in 

free space. Kluzik et al. (2008) also found a substantial generalization of motor 

adaptation during reaching with a robotic manipulandum in a force field to reaching in 

free space.  
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Recently, Reisman et al. (2009) demonstrated a partial generalization of split-belt 

treadmill adaptation to overground walking in persons post-stroke. Interestingly, they 

found that subjects with stroke had a larger generalization of adaptation than did controls. 

They theorized that this could be due to difficulties survivors of stroke have in switching 

contexts in which a motor pattern occurs, allowing greater generalization of the 

adaptation that occurred on the split-belt treadmill (Reisman et al. 2009). Contrary to 

these results are the findings of McVea and Pearson (2007) who studied the effect of 

context on long-term modifications of swing movements during gait in neurologically 

intact cats. They found that perturbation-induced changes were context dependent and did 

not generalize to other environments. Thus, it remains unclear whether and to what extent 

motor adaptation during treadmill walking will generalize to overground walking in 

persons with stroke and hemiparesis. In Chapter 4, we report on the ability of motor 

adaptation during treadmill walking to generalize to overground walking in subjects with 

stroke and hemiparesis compared to nondisabled controls. Importantly, we show that 

stroke and hemiparesis do not impair generalization of motor adaptation to overground 

walking and that negative aftereffects are able to temporarily restore overground gait 

symmetry in persons post-stroke.  

 

Scope of the Dissertation  

Given the known stroke-related impairments in motor sequence learning and the 

increased reliance on cortical structures in the control of gait in humans, it would be 

reasonable to hypothesize that motor adaptation of gait in stroke would also be impaired, 

reflecting stroke-related impairments in motor learning. However, if motor adaptation 
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during locomotion is relatively confined to cerebellar circuitry (Morton and Bastian 

2006), it could be alternatively hypothesized that in stroke not involving the cerebellum, 

motor adaptation would remain largely intact, despite significant sensorimotor deficits. If 

motor adaptation is not impaired in persons with stroke and hemiparesis, its use could 

represent an effective means of affecting motor learning in persons post-stroke and in the 

rehabilitation of post-stroke hemiparetic gait. 

 

In chapter 2 we examine bilateral locomotor adaptation to a novel unilateral 

swing-phase perturbation in nondisabled adults. While intra- and interlimb coordination 

have been studied extensively in animal and human models (Blanchette and Bouyer 

2009; Dietz et al. 1994; Forssberg et al. 1975, 1980; Karayannidou et al. 2009; Lam et al. 

2006; McVea and Pearson 2007; Pang et al. 2003; Pearson 2000, 2004; Reisman et al. 

2005) no studies, to date, have thoroughly examined adaptation within the limb that is not 

directly perturbed and/or within interlimb coordination parameters. In this study, we 

recorded kinematics and electromyography (EMG) from subjects as they walked on a 

treadmill before, during and after a novel perturbation was applied to one leg, resisting its 

movement during the swing phase of gait. We hypothesized that the unilateral 

perturbation would result in feedforward changes bilaterally. Furthermore, bilateral 

feedforward changes would be evident in predictive changes in muscle activation 

patterns. We report that the perturbation produced numerous kinematic changes 

bilaterally, including changes in swing phase duration, step length and hip angular 

excursion. Kinematic changes occurred gradually with exposure to the perturbation and 

produced negative aftereffects when the perturbation was removed. Additionally, 
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kinematic changes were accompanied by increases in EMG that persisted when the 

perturbation was removed. Taken together, these data for the first time provide evidence 

of a feedforward adaptation of walking in the leg opposite a perturbation.  

 

In chapter 3, we examine locomotor adaptation to our novel perturbation in 

persons with chronic stroke and hemiparesis compared controls. While there is evidence 

that persons with stroke and hemiparesis may be able to adapt their gait (Reisman et al. 

2007, 2009), it is unknown whether spatial parameters (e.g. step length) and temporal 

parameters (e.g. interlimb phasing) adapt similarly to nondisabled persons given evidence 

suggesting that the motor cortex may control the timing of gait events (Bretzner and 

Drew 2005; Rho et al. 1999). We hypothesized that while controls and subjects with 

stroke would adapt spatial parameters similarly, changes in interlimb phasing would be 

different between the groups. Our results show that the perturbation resulted in adaptation 

of step length and single limb support duration symmetry and limb angle center of 

oscillation (the midpoint in limb angle between initial contact and liftoff) in all subjects. 

Rates of adaptation of step length symmetry were not different between groups and all 

subject groups changed limb angle phasing similarly. Furthermore, when the paretic leg 

of subjects with stroke was perturbed, negative aftereffects resulted in single limb support 

duration symmetry. These results provide evidence that motor adaptation is not impaired 

by stroke and hemiparesis and that motor adaptation may be useful as a targeted 

therapeutic treatment of stroke-induced gait asymmetries.  
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In chapter 4, we investigate whether adaptation of step length symmetry to our 

novel perturbation during treadmill walking generalized to overground walking in 

subjects with stroke and hemiparesis compared to age- and gender-matched controls. We 

hypothesized that all subjects would have a generalization of treadmill adaptation to 

overground walking, i.e. show negative aftereffects during overground walking. We also 

hypothesized that by perturbing the leg with the shorter baseline step length, overground 

aftereffects in subjects with stroke would result in an improvement of step length 

symmetry. Our results show that step length symmetry adaptation during treadmill 

walking generalizes to overground walking in persons post-stroke and results in 

improvements in the real world task of overground walking. Importantly, negative 

aftereffects temporarily restored overground step length symmetry for subjects with 

stroke and hemiparesis. We also found that all subjects increased their overground 

preferred gait speed while de-adapting. Taken together, these results provided evidence 

for the further exploration of motor adaptation-based paradigms in the targeted treatment 

of step length asymmetries in persons with stroke and hemiparesis.   

 

In chapter 5, the primary findings of this dissertation will be summarized and 

discussed including their relevance and implications for the field of rehabilitation science. 

We will also discuss the limitations of the studies including some questions that this 

dissertation cannot answer and make suggestions for further research to address these 

questions. 
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Abstract 

Human walking must be flexible enough to accommodate many contexts and goals. One 

form of this flexibility is locomotor adaptation: a practice-dependent alteration to walking 

occurring in response to some novel perturbing stimulus. Although studies have 

examined locomotor adaptation and its storage by the central nervous system (CNS) in 

humans, it remains unclear whether altered movements occurring in the leg contralateral 

to a perturbation are caused by true practice-dependent adaptation or whether they are 

generated via feedback corrective mechanisms. To test this, we recorded leg kinematics 

and electromyography (EMG) from nondisabled adults as they walked on a treadmill 

before, during and after a novel force was applied to one leg, which resisted its forward 

movement during swing phase. The perturbation produced kinematic changes to 

numerous walking parameters, including swing phase durations, step lengths and hip 

angular excursions. Nearly all occurred bilaterally. Importantly, kinematic changes were 

gradually adjusted over a period of exposure to the perturbation and were associated with 

negative aftereffects upon its removal, suggesting they were adjusted through a true 

motor adaptation process. In addition, increases in the EMG of both legs persisted even 

after the perturbation was removed, providing further evidence that the CNS made and 

stored changes to feedforward motor commands controlling each leg. Our results show 

evidence for a feedforward adaptation of walking involving the leg opposite a 

perturbation. This result may help support the application of locomotor adaptation 

paradigms in clinical rehabilitation interventions targeting recovery of symmetric 

walking patterns in a variety of patient populations.  

 
Key Words: Walking, Motor Learning, Interlimb Coordination, Feedforward 
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Introduction 

Skilled human walking requires not only tight regulation of intra- and interlimb 

coordination but also substantial flexibility to accommodate changes in physiologic 

conditions, environmental contexts and behavioral goals. The neural control for such 

flexibility of coordination has been studied extensively in both animal and human models 

(Forssberg et al. 1975, 1980; Dietz et al. 1994; Pearson 2000, 2004; Pang et al. 2003; 

Lam et al. 2006; McVea and Pearson 2007; Karayannidou et al. 2009). This research has 

shown that both feedback and feedforward mechanisms play an important role in 

modifying locomotion. Feedback control can produce essential corrections to the 

locomotor pattern (Forssberg et al. 1975; Hiebert et al. 1994; Eng et al. 1994), whereas 

feedforward control affords the locomotor system the capability for making predictions 

(Morton and Bastian 2006; McVea and Pearson 2007). This is accomplished through 

stored knowledge of the body’s dynamics and the external environment, which is used to 

estimate the appropriate neural commands for a given desired walking behavior (McVea 

and Pearson 2007; Blanchette and Bouyer 2009). 

 

For feedforward control to remain accurate across different situations, error 

correction mechanisms are used to update the stored knowledge for generating motor 

commands on a trial-by-trial basis (Wolpert and Kawato 1998). An example of this type 

of updating process is motor adaptation, which can be defined as an adjustment of an 

established motor behavior that occurs in response to some type of novel stimulus or 

perturbation (Martin et al. 1996). The perturbation initially causes the movement to be 

inaccurate in some way, but with repeated practice the movement is gradually restored to 
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its original level of accuracy. Importantly, upon removal of the perturbation negative 

aftereffects, or movement errors that are the reverse of those observed during initial 

adaptation, are produced, indicating that the feedforward commands were updated and 

stored by the central nervous system (CNS) (Weiner et al. 1983; Shadmehr and Mussa-

Ivaldi 1994). As such, locomotor adaptation represents one important avenue for learning 

new walking patterns. 

 

Using this definition of motor adaptation, human locomotor adaptation studies 

have generally utilized one of two basic paradigms. In one, the perturbation driving 

adaptation is applied bilaterally through a modification of the walking surface, such as 

stepping on a rotating disc (Gordon et al. 1995; Weber et al. 1998) or a split-belt 

treadmill (Dietz et al. 1994; Reisman et al. 2005; Choi and Bastian 2007). Here, 

adaptation occurs within interlimb coordination parameters or coordination parameters 

between the trunk and limbs. In the other form, the perturbation is applied to a single leg, 

for example by adding a weight to one leg (Donker et al. 2002; Noble and Prentice 2006; 

Haddad et al. 2006; Regnaux et al. 2008) or resisting movement of one leg in some way, 

such as with a robotic device (Emken and Reinkensmeyer 2005; Lam et al. 2006; Gordon 

and Ferris 2007; Noel et al. 2009) or a viscous band attached to the leg (Blanchette and 

Bouyer 2009). In these studies, the adaptation is observed within the perturbed leg. To 

date, adaptation within the limb not directly perturbed and/or within interlimb 

coordination parameters has not been thoroughly examined in the single limb 

perturbation paradigm (cf., Noble and Prentice 2006).  
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Studies of lower extremity coordination during locomotor-like tasks have 

demonstrated that a perturbation to one leg often produces bilateral responses (Forssberg 

et al. 1980; Ting et al. 1998; Yang et al. 1998; Pang and Yang 2001). Yet it is not clear 

whether responses in the contralateral leg are acquired via feedback correction 

mechanisms or whether they can be attributed to feedforward, predictive changes, 

consistent with a true locomotor adaptation. Therefore the purpose of the current study 

was to determine whether responses in the contralateral leg following a unilaterally-

applied resistive force during the swing phase of gait would be acquired through reactive, 

feedback mechanisms, through predictive, feedforward mechanisms, as in true 

adaptation, or a combination of both. Reactive, feedback changes should appear quickly 

in response to the contralateral perturbation and disappear quickly once the perturbation 

is removed. In contrast, predictive, feedforward adaptations should appear more 

gradually over a period of practice and produce negative aftereffects when the 

perturbation is removed (Morton and Bastian 2006). We also wanted to assess 

electromyographic (EMG) correlates of the expected kinematic changes to more 

specifically evaluate for potential alterations to feedforward motor commands. We 

hypothesized that a unilaterally-applied resistive force would induce true motor 

adaptation involving walking parameters bilaterally. Further, we hypothesized that the 

adaptation would be accompanied by specific changes in feedforward motor commands, 

evident through changes in muscle activation patterns bilaterally. 
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Methods 

Subjects 

Ten young, nondisabled adults (nine female), who were taken from a university 

population, age 25.6 ± 2.0 years (mean ± 1 SD), participated in the study. All subjects 

were right-side dominant. Side of dominance was assessed by asking subjects which hand 

they used for writing and which foot they used when kicking a ball. All subjects reported 

having previous treadmill experience but were naive to the purpose of the study. Subjects 

reported no musculoskeletal or neurological disorders that could have affected their 

performance during testing. All subjects gave their informed consent prior to their 

participation and the appropriate university human studies Institutional Review Board 

approved the study.  

 

Paradigm 

Subjects walked on a motorized treadmill (Woodway, Waukesha, WI) at a 

constant speed of 1.34 m/s in three consecutive testing conditions: Baseline, Resistance, 

and Post, which were timed to last 5, 10 and 10 minutes, respectively. During all testing 

conditions subjects wore a custom-made padded cuff that was placed around the distal 

end of one of their lower legs and secured with Velcro© straps. Between Baseline and 

Resistance, a rope was attached to the cuff via a hook on its back. The other end of the 

rope passed through a set of pulleys and was connected at its end to a weight that was 

suspended in the air by the rope. The weight was equal to 1.5% of body weight, rounded 

to the nearest 0.11 kg. The pulley system was located directly behind the leg with the 

rope in the plane of walking (see Fig. 1A). During Resistance, the weight resisted 
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forward movement of the leg to which it was connected, i.e., during its swing phase. The 

choice of which leg to perturb was counterbalanced so that there were equal numbers of 

subjects with right and left legs (dominant and non-dominant sides, respectively) 

perturbed. At the end of Resistance the rope was detached from the cuff. Between all 

conditions the treadmill was stopped and subjects stepped onto the side platform. When 

the treadmill was restarted and had obtained the desired constant speed, subjects stepped 

back on. Figure 1B illustrates the experimental timeline. During testing all subjects wore 

a harness which did not provide any body weight support or affect the normal walking 

pattern, but would support weight if anyone were to stumble or fall. For safety, especially 

when stepping onto the moving treadmill belt, subjects were instructed to hold onto the 

front hand rail of the treadmill with both hands but not to bear significant weight through 

the arms. Subjects were also instructed to look straight ahead, to avoid looking at their 

feet, and to walk as normally as possible. Prior to beginning data collection, all subjects 

practiced stepping onto the moving treadmill belt. By convention, we will refer to the two 

legs as “perturbed” and “unperturbed”, corresponding to which side received the swing 

phase resistive force, even during conditions without any resistance.  

 

Data Collection 

Two Optotrak Certus sensors (Northern Digital Inc., Waterloo, ON), one placed 

on each side of the treadmill, were used to collect position data from both legs. We 

placed 12 infrared emitting diodes over the head of the fifth metatarsal, lateral malleolus, 

lateral knee joint space, greater trochanter, most lateral and superior aspect of the iliac 
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crest and acromion, bilaterally to define the locations of the foot, ankle, knee, hip, pelvis, 

and shoulder joints, respectively. Position data were collected at 100 Hz.  

 

EMG was recorded from bipolar surface electrodes using an MA-300 EMG 

System (Motion Lab Systems, Baton Rouge, LA). Recordings were made from two 

muscles bilaterally: the rectus femoris (RF) and medial hamstrings (semitendinosus) 

(HS). Electrode placement followed the convention of Winter (1987). Prior to electrode 

placement, the skin was prepared by light abrasion with Lemon Prep™ (Mavidon 

Medical Products, Lake Worth, FL) and then cleaned with alcohol pads. A ground 

electrode was placed over the lateral epicondyle of the right arm. EMG signals were pre-

amplified online at the electrode site with a gain of 20 and then digitized, amplified and 

band-pass filtered (20 Hz high-pass, 500 Hz low-pass) remotely. EMG data were 

collected at 1,000 Hz and time synchronized to the position data. All position and EMG 

data were collected continuously during testing conditions. 

 

Data Analysis 

Kinematics 

All 3D position data were analyzed with custom written MATLAB software (The 

Mathworks, Natick, MA). Position data were low-pass filtered with a 6 Hz fourth order 

zero-phase shift Butterworth filter (Winter 1987). To analyze walking on a stride-by-

stride basis, we first identified each stride as the time from initial contact on one foot to 

the next initial contact on the same foot. This was further separated into stance (the time 

from initial contact to lift off) and swing (the time from lift off to the next initial contact) 
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phases. Initial contact was identified as the time when the ankle marker reached its 

maximum forward position in the plane of progression. Lift off was the time when the 

foot marker reached its maximum backward position in the plane of progression (Noble 

and Prentice 2006). 

 

We quantified adaptation across several key kinematic measures of gait: swing 

phase duration, step length, stride length and hip angle. Swing phase duration was 

measured as a percentage of the total stride time. Step length was defined as the distance 

in the plane of progression between the two ankle markers at the time of initial contact. 

Stride length was defined as the sum of the forward distance the ankle marker covered 

during swing phase and the backward distance it covered during stance phase. Therefore, 

a single stride length on the treadmill is equal to the sum of two consecutive step lengths 

(one right, one left), like it is during over ground walking. Hip angle was calculated as 

the angle between a vector connecting the hip and knee markers and a vector connecting 

the hip and shoulder markers in the plane of progression. We quantified total hip angular 

excursion and hip angle at the times of initial contact and lift off. We used step lengths 

and hip angles as the major determinants of whether or not contralateral effects occurred 

primarily through feedback or feedforward mechanisms. Swing phase durations were 

used to measure the extent to which the resistive force perturbed walking and to generally 

quantify adaptive effects. Stride lengths were used to compare effects of bilateral step 

length changes. 
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Electromyography 

Offline, EMG signals were demeaned, low-pass filtered at 50 Hz using a fourth 

order zero-phase shift Butterworth filter and full-wave rectified. For each muscle and 

each stride, EMG amplitudes were normalized to the average peak amplitude for that 

muscle over the last 50 strides of Baseline. Since we wanted to assess how changes in 

muscle activity related to changes in kinematics, particularly hip angles, and since the 

resistance was first detected during initial swing phase (and not at all during stance) 

ipsilaterally, we focused the EMG analyses on muscles acting at the hip around the 

timeframe of initial swing on the perturbed side. We targeted the RF on the perturbed 

side (pRF) because we suspected that at this time the pRF would become more active 

during Resistance to overcome the new posteriorly-directed force acting on the swing 

limb and contribute to active hip flexion. We targeted the HS on the unperturbed side 

(uHS) because we thought the uHS would also become more active at this time to help 

maintain upright stability, assist in keeping the torso over the stance leg (Winter 1987; 

Perry 1992) and assist with hip extension on that side.  

 

To assess timing changes, amplitude normalized EMG signals from each stride 

were separated into 20 bins, each representing 5% of the gait cycle, and then integrated. 

Within a specific zone of interest, we considered the bin containing the greatest 

integrated EMG (iEMG) magnitude to be the time of peak activity for that muscle. The 

zone of interest was defined based on the time during which the perturbation would be 

initially detected, determined to be the bins between 50-85% of the stride cycle on the 
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perturbed side. Note that this interval contains the period surrounding lift off (i.e., initial 

swing) of the perturbed side foot.  

 

To assess changes in the level of EMG, we focused on the initial 25% of swing 

phase for the pRF and the initial 25% of stance phase for the uHS. Again, these periods 

correspond to the time in the gait cycle when the effects of the perturbation first would be 

experienced (recall that swing initiation on the perturbed leg occurs nearly immediately 

after stance initiation on the unperturbed leg). We calculated the iEMG for both muscles 

during these periods and reported these values as a percentage of the total iEMG 

occurring over the entire swing (pRF) or stance (uHS) phase duration to avoid the 

confounding influence of perturbation-related phase duration changes.  

 

For statistical analyses, we compared each variable across the following five 

testing periods: Late Baseline, Late Resistance and Late Post (the average of the last 50 

strides of Baseline, Resistance and Post conditions) and Early Resistance and Early Post 

(the average of the first five strides of the Resistance and Post conditions). Statistical 

comparisons were completed using Statistica (StatSoft, Tulsa, OK) software. Kinematic 

variables were compared using a factorial ANOVA, with factors of side and testing 

period, with repeated measures on the factor testing period. EMG variables were 

compared using a repeated measures ANOVA. When an ANOVA yielded a significant 

result, post hoc analyses were performed using Tukey’s honest significant difference test. 

The level of statistical significance for all variables was set at p < 0.05. In the following 

text, group data are presented as means ± 1 standard deviation.   
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Results 

By visual inspection during testing, all subjects appeared to adapt their walking to 

the novel perturbation and to show aftereffects when the weight was removed. When the 

perturbation was first applied, subjects reported that it was difficult to advance the 

resisted leg. However, as the condition continued they reported that their gait gradually 

felt more normal. When the perturbation was first removed, subjects commented that they 

felt their leg was flying forward. The perturbation impacted gait during the swing to 

stance transition and just prior to initial contact, corresponding with subjects’ anecdotal 

reports. Figure 1C shows an estimate of the applied forces on the lower leg caused by the 

resistive force. Data depict the difference between Resistance and Baseline applied forces 

in the sagittal plane. The average first peak force difference was -23.2 ± 8.7N and 

occurred during 65.3 ± 3.4% of the stride cycle, very near lift off on the perturbed side. 

The second peak difference was -45.2 ± 9.2N and occurred during 85.1 ± 1.4% of the 

stride cycle. (See Appendix for subject data means for kinematic and EMG analyses.) 

 

Kinematics 

Figure 2A illustrates swing durations on a stride-by-stride basis from a typical 

subject. The addition of the weight at the beginning of Resistance caused swing durations 

to immediately increase on the perturbed leg and decrease on the unperturbed leg. As the 

subject continued walking, however, swing durations gradually returned toward Late 

Baseline values bilaterally. When the weight was removed at the beginning of Post, 

swing durations changed in the opposite direction to become decreased on the 

(previously) perturbed leg and increased slightly on the unperturbed leg. Again, values 
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for both legs returned to Late Baseline levels over time. Group results are shown in 

Figure 2B for each of the five key testing periods. The ANOVA was significant for a side 

by testing period interaction (p < 0.001). Post hoc analysis revealed that addition of the 

unilateral resistance produced a significant increase in swing duration on the perturbed 

side (mean during Early Resistance 39.7 ± 1.5%; post hoc p < 0.001, Late Baseline vs. 

Early Resistance) and a decrease on the unperturbed side initially (mean during Early 

Resistance 34.4 ± 0.5%; post hoc p < 0.01, Late Baseline vs. Early Resistance). When the 

perturbation was removed in Early Post, an obvious negative aftereffect of decreased 

swing duration (mean 34.1 ± 1.0%; Late Baseline vs. Early Post, post hoc p < 0.001) was 

present on the perturbed side, but the opposite negative aftereffect on the unperturbed 

side was not significant (mean 36.2 ± 0.7%, post hoc p = 0.75).  

 

Interestingly, all subjects also showed bilateral changes in step length in response 

to the unilaterally-applied swing phase resistance. Figure 3A shows step lengths on a 

stride-by-stride basis for a typical subject. In Early Resistance, step lengths decreased 

initially on the perturbed side and increased on the unperturbed side, but both gradually 

returned to near Late Baseline levels over the course of Resistance. Negative aftereffects, 

again oppositely directed, were seen in both legs during Early Post. Figure 3B shows 

group average step lengths across testing periods. The ANOVA showed a significant side 

by testing period interaction (p < 0.001). Post hoc analysis revealed that the resistance 

added to one side initially produced step length changes bilaterally but in opposite 

directions (perturbed decreased, mean 564.5 ± 37.5mm; unperturbed increased, mean 

651.1 ± 33.5mm; Late Baseline vs. Early Resistance , post hoc both p < 0.01), both of 
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which were gradually restored to near-Baseline levels over the course of Resistance. The 

negative aftereffects in Early Post were also directed oppositely and were significant 

bilaterally (perturbed, mean 656.3 ± 37.5mm; unperturbed, mean 554.6 ± 39.7mm; Late 

Baseline vs. Early Post, post hoc both p < 0.001).  

 

Unlike swing phase durations, step lengths do not have to be tightly coupled to 

meet the conditions for human bipedal walking. In fact, unilateral decreases in step length 

are very common among individuals with various forms of gait pathology, e.g., 

osteoarthritis, stroke, etc. Thus it was not inevitable that the novel resistive weight 

applied to one side would produce changes in step lengths bilaterally, or that the changes 

would occur in opposite directions. However, one consequence of bilateral and 

oppositely directed step length changes is that stride length remained stable over time. 

This is demonstrated in Figure 3C, which shows step and stride lengths together for a 

typical subject performing the adaptation. Note that an increased step length on the 

unperturbed side compensates for a decreased step length on the perturbed side during 

Early Resistance, preserving a relatively constant, stable stride length from Baseline to 

Resistance conditions, and so on. The stability of stride lengths across testing periods is 

shown for the group in Figure 3D. There were no significant changes in stride length 

across testing periods (p = 0.85) or sides (p = 0.95) and there was no interaction effect (p 

= 0.99). 

 

Figure 4 shows the group average changes in hip angles, separated out into total 

hip excursion (Fig. 4A), hip angle at the time of initial contact (near peak flexion, Fig. 
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4B) and hip angle at the time of lift off (near peak extension, Fig. 4C). For the total hip 

excursion, there was a significant interaction (p < 0.001): there was an increase in hip 

excursion on the unperturbed side in Early Resistance ( 4.5 ± 3.7°, post hoc p < 0.01) and 

a decrease (negative aftereffect) in Early Post (-3.5 ± 3.1°, post hoc p < 0.05). Just the 

opposite effect was observed on the perturbed side; i.e., decreased hip excursion during 

Early Resistance (-1.5 ± 1.8°) and an aftereffect of increased hip excursion during Early 

Post (3.4 ± 3.1°), however the effects on the perturbed side were not significant (post hoc 

p = 0.93 and p = 0.07, respectively). Generally, the changes in total hip excursion were 

explained by the combination of changes at the hip during initial contact (Fig. 4B) and lift 

off (Fig. 4C). At initial contact, hip angles differed based on side and testing period 

(interaction effect p < 0.001). Notably, on the perturbed side the weight caused a 

dramatically reduced hip angle during Early Resistance (-5.0 ± 3.8°, post hoc p < 0.001), 

which was corrected for over the course of Resistance. A robust negative aftereffect of an 

increased hip angle was present in Early Post (6.7 ± 3.9°, post hoc p < 0.001). 

Interestingly, there were no significant changes in hip angle at initial contact on the 

unperturbed side. A rather different pattern emerged when looking at hip angles at lift off. 

Here the perturbed and unperturbed hips behaved very similarly (main effect of testing 

period p < 0.001, no effects of side or side by testing period interaction). The perturbation 

initially caused a significant increase in hip extension at lift off (3.6 ± 4.1°, Early 

Resistance vs. Late Baseline, post hoc p < 0.01), which was reduced back toward Late 

Baseline levels over the period of Resistance. A negative aftereffect of decreased hip 

extension during Early Post was also observed (-2.5 ± 0.2°, Early Post vs. Late Baseline, 

post hoc p < 0.05).  
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Electromyography 

We were also interested in examining EMG for evidence of muscle activation 

timing or magnitude changes that might be associated with the locomotor adaptation. 

Figure 5 shows EMG traces from the pRF (Fig. 5A) and uHS (Fig. 5B) over multiple 

strides across the entire experiment for a typical subject. Shading indicates the 

timeframes over which iEMG amplitudes were measured and compared. Recall that for 

both muscles, this is the phase of the gait cycle just before and/or during which the 

posteriorly-pulling weight first affected the leg. Note that neither the pRF nor the uHS 

was very active at these times of the gait cycle during normal unperturbed walking (see 

Late Baseline traces). During Early Resistance, there was some increased activity noted 

in both muscles just after the onset of the initial perturbation, i.e., lift off of the perturbed 

leg (approximately 90-120 ms), reflecting reactive responses to correct for the novel 

weight. Importantly, as the adaptation continued, the EMG of both muscles continued to 

increase during this timeframe and the time of peak activity appeared to shift to the left, 

so that it occurred somewhat earlier in the gait cycle. Increasing pRF activity at this time 

would have acted to counter the backward pull on the perturbed leg and restore the hip 

angle (increase flexion) and step length (increase) on this side. Increasing uHS activity 

countered the mechanical forward pitching torque on the pelvis and trunk when the hip 

on that side should be extended and the trunk upright. Although a substantial decrease 

was seen in the EMG of both muscles during Early Post compared to Late Resistance, 

there remained a significantly elevated level of muscle activity as compared to Late 

Baseline values. These increased activity levels occurred at the same time that Early-Post 
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kinematic negative aftereffects of increased step lengths and increased hip angles at 

initial contact were observed on the perturbed leg. Since the novel disruptive perturbation 

had been removed at this time, the persistent increase in EMG in both legs is evidence for 

a change occurring in the feedforward motor commands controlling both legs.   

 

Group average timing and iEMG changes are depicted in Figure 6. The timing of 

peak binned EMG integrals (Figs. 6A-B) changed significantly in the uHS, but not the 

pRF. Peak iEMG during the timeframe of interest shifted to occur earlier in the gait cycle 

during Late Resistance compared to Early Resistance (12.5 ± 7.2% to -3.0 ± 3.5% stride 

cycle, post hoc p < 0.001). Importantly, this shift remained during Early Post even 

though the perturbation was removed (-2.5 ± 2.6%, post hoc p < 0.001), indicating that 

the timing change was a result of a modification to feedforward commands for muscle 

activity and not a direct reflexive response to the perturbation itself.  

 

Figures 6C-D show group average iEMG values in the pRF and uHS across all 

testing periods during the time in the gait cycle surrounding the onset of the perturbation 

(lift off on the perturbed side). There were significant increases in iEMG levels in both 

muscles compared to Late Baseline during Late Resistance and Early Post (pRF 25.9 ± 

6.8% to 41.1 ± 7.7% and 35.2 ± 12.2%; uHS 35.1 ± 7.8% to 49.7 ± 8.7% and 47.6 ± 

11.8%, post hoc all p < 0.05). Within each muscle, there were no differences in iEMG 

levels among Late Baseline, Early Resistance and Late Post testing periods (post hoc all 

p > 0.15) and no differences between iEMGs between Late Resistance and Early Post 

periods (post hoc both p > 0.3).  
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Discussion  

Addition of a weight resisting forward progression of one leg produced a walking 

adaptation involving multiple parameters bilaterally, including swing durations, step 

lengths and hip angles. Storage of the adaptation by the CNS was evident through the 

presence of negative aftereffects, and the adaptation was accompanied by timing and 

amplitude changes within specific muscle activation patterns, also bilaterally. To our 

knowledge, this is the first demonstration that changes in leg movements contralateral to 

a single-limb disturbance are produced through a true feedforward practice-driven motor 

adaptation involving changes to joint angles and muscle activation patterns in humans. 

Although the perturbation directly involved a single leg, it was evident from the 

kinematics that both legs were affected for most of the parameters we measured (i.e., 

there were significant deviations bilaterally from Late Baseline during Early Resistance). 

This is consistent with numerous other studies. For instance, perturbations to the swing 

leg during gait are known to cause changes in the stance leg (Dietz et al. 1986; Eng et al. 

1994) and vice-versa (Berger et al. 1984; Dietz et al, 1989; Timoszyk et al. 2002). What 

we have shown in the current study is that if these perturbations are sustained over 

several strides so as to become predictable, the CNS can compensate using feedforward 

adaptation, rather than solely feedback correction mechanisms, to alter the locomotor 

pattern in the unperturbed leg.  

 

Interestingly, for all but one of the kinematic parameters, the weight initially 

produced oppositely directed changes in the two legs. The parameters that changed 

bilaterally and in opposite directions are directly related to the end-effectors of gait: the 
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feet. For example, swing phase durations and step lengths, both quantified by markers on 

the foot and ankle, initially changed in opposite directions on the perturbed and 

unperturbed legs. Note that oppositely directed changes in swing phase durations and step 

lengths ensured that stride duration and stride lengths, defined by the foot’s interaction 

with the treadmill belt, would remain relatively stable despite the new weight. In contrast, 

during Early Resistance the hip assumed a more extended angle during lift off bilaterally 

and a less flexed angle during initial contact only on the perturbed side. However, the 

combination of these two parameters (hip excursion) did show bilateral and oppositely 

directed changes (see Figure 4A).  The lift off hip angle data are very interesting in that 

hip angles changed in the same direction on both legs, increasing the degree of hip 

extension during Early Resistance and decreasing during Early Post. Studies in both 

animal and humans have previously reported the importance of hip extension in helping 

determine the onset of the stance to swing transition (Duysens and Pearson 1976; Hiebert 

et al. 1996; Yang et al. 1998; Pang and Yang 2000; McVea et al. 2005). Perhaps the 

unidirectional changes we observed during late stance relate to a CNS attempt to 

maintain relative invariance of hip extension between sides.  

 

The perturbation also caused significant feedforward changes in the timing and 

amplitude of muscle activity around both hips. To sufficiently counteract the perturbation 

the pRF, acting as a hip flexor in the initial part of swing (Winter 1987; Perry 1992; Nene 

et al. 2004), increased its activity to help advance the swing leg forward despite the 

newly added resistance of the weight. In turn, the contralateral uHS iEMG became active 

earlier and increased its activity during this same timeframe to offset the backward pull of 
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the weight and keep the torso over the legs by extending the hip (Winter 1987; Perry 

1992). Unlike the kinematics, note that for the specific timeframe of interest in the 

walking cycle, there were no significant changes in EMG timing or magnitude during the 

initial response to the perturbation (Early Resistance) in either the pRF or uHS muscles. 

Only after a period of walking with the weight did EMG levels significantly increase in 

both the pRF and uHS (and shift earlier in time in the case of the uHS). Importantly, upon 

initial removal of the weight (Early Post) the newly altered (increased and time-shifted) 

EMG levels remained, indicating that these muscle activity changes could not have been 

solely a feedback or corrective response to the perturbation, but instead likely reflected a 

change in the predictive, feedforward motor commands to the legs in anticipation of 

continued walking under the perturbed condition (Thoroughman and Shadmehr 1999; 

Blanchette and Bouyer 2009). Only after subsequent walking with the weight removed 

did EMG measures gradually return to their previous Late Baseline levels. We think our 

paradigm and others, e.g., that utilizing an elastic band around one leg to facilitate 

forward leg movement during swing (Blanchette and Bouyer 2009), provide strong 

evidence for both feedback and feedforward modifications to walking based on these 

EMG responses. We propose that this type of paradigm provides a useful model for 

separating these two modes of locomotor response to a novel perturbation.  

 

Our results differ somewhat from split-belt treadmill locomotor adaptation studies 

(Reisman et al. 2005; Morton and Bastian 2006). Although both the split-belt and the 

current paradigm appear to induce perturbations in stance or swing phase durations, step 

lengths and joint angles, only the current paradigm produces feedforward adaptation 
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within all three of these types of parameters. The split-belt treadmill does not induce 

adaptation in either stance or swing times or in joint angles. One conclusion drawn from 

the split-belt results was that “interlimb” walking parameters (i.e., step length) adapt 

whereas “intralimb” parameters (i.e., stance time and joint angle) do not. The authors 

speculated that interlimb coordination was more important than intralimb coordination in 

maintaining the most critical features of walking, and therefore required adaptation. They 

went on to postulate that intra- and interlimb coordination may be controlled relatively 

independently by the CNS (Reisman et al. 2005). The current results argue against this 

hypothesis: we observed feedforward adaptation in a wide assortment of walking 

parameters including those traditionally considered “intralimb” variables. Why would the 

CNS choose to adjust walking parameters using feedforward adaptation in one case and 

not in another? Recall that the split-belt treadmill involves a perturbation to the walking 

surface directly, specifically forcing the legs to walk at two different speeds. In this 

situation, parameters such as stance and swing durations and stride lengths, referred to as 

“intralimb” parameters, are required to change in response to the perturbation. This 

immediate change must be preserved, not adapted, throughout the split-belt period or the 

correct speed will not be maintained and the leg will either advance off the front or trail 

off the back of the treadmill. We propose that it is not the relative importance of interlimb 

over intralimb parameters but rather the interaction between the behavioral goal 

(maintaining upright stance and a one-to-one leg stepping cycle in the legs while on the 

treadmill) and task constraints (the type of walking perturbation) that determines which 

walking parameters will demonstrate an adaptation and which will not.  
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Locomotor adaptations of the type we have described here are thought to be 

produced by some sort of error signal reaching the CNS. What might be the error signal 

driving this particular adaptation? Possibly it is some sort of sensorimotor information 

related to the kinematics during perturbed walking. Certainly both sensory prediction 

errors and motor corrections of the sort described elsewhere and theorized to be possible 

sources of error-driven adaptation (Miall and Wolpert 1996; Kawato 1996; Wallman and 

Fuchs 1998; Tseng et al. 2007) would have been available. As mentioned previously, hip 

position and limb loading are important for regulating the timing of stance and swing 

periods between legs (Duysens and Pearson 1976; Hiebert et al. 1996; Yang et al. 1998; 

Pang and Yang 2000; McVea et al. 2005). It is possible that one or both of these types of 

signals could have played a role in our paradigm. In addition, some quantification of 

interlimb symmetry could also have provided a meaningful signal related to stability and 

effort. Minimization of effort cost (Todorov and Jordan 2002; Emken et al. 2007) and 

maintenance of joint torques (Kao et al. 2010) have also been suggested to contribute to 

adaptive processes.  

 

What neural structures might be involved in the adaptation we have identified 

here?  It is clear that for lower mammals, spinal structures alone can flexibly control 

locomotion to a substantial degree, producing appropriately scaled and timed phase-

specific responses to external stimuli (Forssberg et al. 1980; Hiebert and Pearson 1999; 

Stein et al. 2000). The same may be true for humans (Ferris et al. 2004; Lam et al. 2008; 

Gordon et al. 2009). However, practice-dependent locomotor adaptation such as we 

observed here likely requires supraspinal structures, particularly the cerebellum. 
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Evidence from both human (Morton and Bastian 2006; Ilg et al. 2008) and animal models 

(Yanagihara and Udo 1994; Yanagihara and Kondo 1996) suggests that the cerebellum is 

a necessary structure for this type of predictive, feedforward locomotor adaptation. 

Interestingly, it was recently shown that subjects with focal cerebellar lesions resulting in 

impaired voluntary leg placement also had impaired locomotor adaptations, whereas 

subjects with cerebellar-related balance impairments did not. This, combined with 

imaging results, suggests that the intermediate zone of the cerebellum may be particularly 

important for locomotor adaptation in humans (Ilg et al. 2008). In contrast, animals with 

decerebrate lesions (Yanagihara et al. 1993) and humans with unilateral cerebral stroke 

(Reisman et al. 2007, 2009) do not show significant defects in the ability to adapt, 

suggesting that the cerebral cortex may not be critical for the generation of this form of 

practice-dependent locomotor adaptation, though this is less clear (see Choi et al. 2009).  

 

Some limitations of this study should be noted. Because subjects held the front 

handrail of the treadmill, potential adaptive responses in the arms (Donker et al. 2002) 

could not be assessed. Holding the handrails may have also attenuated the stabilizing 

response of the unperturbed stance limb, though it clearly did not prevent all responses. 

Likewise, analysis of other leg muscles, for example the ankle plantarflexors, may have 

revealed additional adaptive responses. These possibilities should be addressed in follow-

up studies.                                                                                

 

In summary, our results demonstrate that a unilateral swing phase perturbation 

can lead to feedforward changes in specific walking parameters bilaterally. Which 
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parameters change in a feedforward way is dependent on the perturbation and the context 

in which it occurs. The kinematic changes during adaptation are accompanied by muscle 

activation timing and magnitude alterations that are maintained even after the 

perturbation is removed, thereby indicating storage by the CNS of a modification to the 

feedforward motor commands for locomotion. These results suggest that the use of motor 

adaptation paradigms as a potential intervention for treating asymmetric walking patterns 

requires careful consideration be given to the type of perturbation and the context in 

which adaptation occurs.  
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Figures 

Figure 1. A. Illustration of the treadmill setup. The small open circles represent 

placement of the position markers. The weight and pulley mechanism was movable and 

positioned behind the leg to be perturbed. B. Time course of the experiment showing 

conditions (Baseline, Resistance, Post) and the key testing periods to be compared. C. 

The group average estimated forces acting on the perturbed lower leg (sagittal plane 

only) during the Resistance condition. The data are plotted as the difference from 

Baseline, such that positive values represent forces exceeding Baseline and acting in the 

forward direction and negative values represent forces exceeding Baseline and acting in 

the backward direction. The arrow indicates the average approximate time of lift off.  
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Figure 2. A. Swing durations plotted on a stride-by-stride basis for a typical subject. 

Each data point represents the average swing duration for five consecutive strides on one 

side. Horizontal lines provide a reference for the average swing duration during Late 

Baseline for each leg. B. Group average swing durations across both sides and all testing 

periods. Late Baseline (LB), Early Resistance (ER), Late Resistance (LR), Early Post 

(EP) and Late Post (LP). Asterisks indicate significance levels of p < 0.05 from the post 

hoc comparisons of each vs. Late Baseline. Error bars, ± 1 SEM. 
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Figure 3. A. Step lengths plotted on a stride-by-stride basis for a typical subject. Each 

data point represents the average step length for five consecutive strides on one side. 

Horizontal lines provide a reference for the average step length during Late Baseline for 

each leg. B. Group average step lengths across sides and testing periods. C. Step lengths 

with corresponding stride lengths shown for several consecutive strides within each 

testing period for a typical subject. The vertical height of the thick (step length) and thin 

(stride length) bars represents the forward distance traveled during each. Placement of the 

bars reflects timing only and does not correspond to spatial placement of the steps or 

strides. D. Group average stride lengths across sides and testing periods. Late Baseline 

(LB), Early Resistance (ER), Late Resistance (LR), Early Post (EP) and Late Post (LP). 

Asterisks indicate significance levels of p < 0.05 from the post hoc comparisons of each 

vs. Late Baseline. Error bars, ± 1 SEM. 

 

 

 

 

 

 

 

 

 

 

 



93 
 

 
 

Figure 3. 
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Figure 4. A. Group average hip angular excursions (peak to peak angle). B. Group 

average hip angles at initial contact. Positive numbers indicate increased hip flexion 

compared to Baseline. C. Group average hip angles at lift off. The absolute values of hip 

extension angles have been used so that positive numbers indicate increased hip 

extension compared to Baseline. For convenience, data are plotted as the change from 

Late Baseline. Early Resistance (ER), Late Resistance (LR), Early Post (EP) and Late 

Post (LP). Asterisks indicate significance levels of p < 0.05 from the post hoc 

comparisons of each vs. Late Baseline. Error bars, ± 1 SEM.  
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Figure 4.  
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Figure 5. Traces of EMG from the rectus femoris (RF) on the perturbed side (A) and the 

medial hamstring (HS) on the unperturbed side (B) shown for several strides for a typical 

subject. The stick figures above each set of traces represent the approximate 

configuration of the legs during the portion of the stride over which each is placed. EMG 

has been filtered, rectified and amplitude-normalized to the average peak amplitude 

during the last 50 strides of Baseline. In each trace, two consecutive strides are shown, 

beginning with initial contact for each leg. Individual traces have been selected from 

approximately equal time intervals throughout the experiment; specifically from the end 

of the Baseline condition, the beginning, middle and end of Resistance and the beginning, 

middle and end of Post (in the figure, referred to as Late Base, Early Resist, Mid Resist, 

Late Resist, Early Post, Mid Post and Late Post, respectively). Shaded areas represent the 

portion of the EMG signal that was used to assess changes in muscle activity magnitude. 

The dotted vertical lines and arrows under the bottom graphs indicate the times of initial 

contact and lift off for each leg. Initial contact (IC), Lift off (LO), Perturbed (P) and 

Unperturbed (U) sides. 
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Figure 5.  
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Figure 6. A-B. Group average peak iEMG timing changes across key testing periods for 

the rectus femoris (RF) on the perturbed side (A) and the medial hamstring (HS) on the 

unperturbed side (B). Values represent the timing of the peak iEMG (in 5% stride cycle 

bins) relative to the time in the stride cycle at which the perturbation could initially be 

detected, which was taken to be lift off on the perturbed side. Therefore positive values 

represent times after and negative values represent times prior to lift off on the perturbed 

side. The Late Baseline and Late Post periods were not included in the EMG timing 

analysis since identifiable bursts were not typically observed in these muscles during 

these testing periods. C-D. Group average iEMG values across testing periods for the RF 

on the perturbed side (C) and the HS on the unperturbed side (D). Late Baseline (LB), 

Early Resistance (ER), Late Resistance (LR), Early Post (EP) and Late Post (LP). 

Asterisks indicate significance levels of p < 0.05 from the repeated measures ANOVAs. 

Error bars, ± 1 SEM. 
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Figure 6. 
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Chapter 3 

Adaptation of Spatial and Temporal Gait Parameters during Treadmill Walking in 

Persons with Stroke and Hemiparesis 
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Abstract 

Walking in persons with stroke and hemiparesis is characterized by spatial and temporal 

asymmetries that are often resistant to a variety of traditional gait interventions. Motor 

adaptation is a practice-dependent alteration in movement patterns which is dependent on 

the cerebellum and has been shown to alter gait symmetry in nondisabled persons. 

However, it is unclear to what extent cerebral damage impairs the adaptation of spatial 

and temporal gait parameters. To investigate this, we had subjects with stroke and 

nondisabled controls adapt their gait to a novel swing phase perturbation applied to one 

leg during treadmill walking. We quantified spatial (step length symmetry and limb angle 

center of oscillation) and temporal (single limb support symmetry and limb angle 

phasing) gait parameters and rates of step length symmetry adaptation. Subjects with 

stroke had similar patterns of adaptation and negative aftereffects compared to controls 

regardless of whether their paretic or nonparetic leg was perturbed. Adaptation rates were 

also not different among subject groups. Furthermore, negative aftereffects resulted in 

subjects with stroke temporarily walking with single limb support symmetry. Our results 

indicate that stroke not involving the cerebellum does not impair locomotor adaptation to 

a unilateral swing phase perturbation. Furthermore, persons with this type of central 

nervous system (CNS) injury still retain the capability to generate a symmetrical gait 

pattern. This suggests that motor adaptation may present an effective approach to the 

targeted rehabilitation of hemiparetic gait asymmetries.  

 

Key words: Walking, Stroke, Hemiparesis, Motor Adaptation, Asymmetry 
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Introduction 

Skilled human walking requires substantial flexibility to accommodate various 

behavioral goals and contexts. Motor adaptation, or a practice-dependent alteration in 

movement patterns caused by changes to feedforward motor commands, is one source of 

this flexibility. Although motor adaptation of voluntary limb movements has been studied 

extensively (Held and Hein 1958; Krakauer et al. 1999; Martin et al. 1996; Rosetti et al. 

1998; Shadmehr and Mussa-Ivaldi 1994; Smith and Shadmehr 2005), much less is known 

about adaptability of human locomotor patterns. For instance, it is now widely accepted 

that arm and eye movement adaptations are dependent on cerebellar integrity (Golla et al. 

2008; Lang and Bastian 1999; Martin et al. 1996; Straube et al. 2001), whereas other 

brain structures, such as the primary motor cortex or the basal ganglia, appear to be less 

critical (Hong et al. 2007; Marinelli et al. 2009; Smith and Shadmehr 2005; Weiner et al. 

1983). In contrast, only a few studies have examined motor adaptations of walking in 

subjects with neurological deficits. Current evidence suggests that walking is similar to 

voluntary limb adaptations in that the cerebellum appears to be necessary for normal 

adaptation (Ilg et al. 2008; Morton and Bastian 2006; Yanagihara and Kondo 1996; 

Yanagihara and Udo 1994). However, it remains to be seen whether other structures, e.g. 

cerebrum, are also involved in locomotor adaptations.   

 

Unilateral cerebral stroke that damages motor structures controlling leg 

movements and/or their descending projections is known to result in a characteristic 

‘hemiparetic gait’ pattern that is identified by decreased gait speed and asymmetries of 

step length and single limb support (SLS) time. Unfortunately, the high degree of spatial 
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and temporal asymmetry is typically resistant to recovery via a variety of traditional gait 

retraining interventions (Dunsky et al. 2008; Patterson et al. 2008; Peurala et al. 2005; 

Regnaux et al. 2008; Silver et al. 2000; Teixeira-Salmela et al. 2001). Given the notion 

that asymmetric walking is less energy efficient, can lead to overuse injuries and may be 

related to an increased risk of falls (Di Fabio et al. 2004; Stolze et al. 2004; Zamparo et 

al. 1995), any intervention that could restore symmetric walking would therefore have a 

significant impact on stroke rehabilitation. Recently, it was shown that locomotor 

adaptation via a split-belt treadmill is effective in temporarily restoring step length and 

double support time symmetry in persons with stroke and hemiparesis (Reisman et al. 

2007). The authors theorized that cerebellar-brainstem projections may be more 

important to the locomotor adaptive process than cerebellar-cerebral projections. This is 

significant for two reasons. First it suggests that even large cerebral lesions do not have a 

substantial impact on the ability of humans to adapt walking. Second it suggests the 

potential for locomotor adaptation to play a significant role in the rehabilitation of post-

stroke hemiparetic gait. However, the split-belt treadmill paradigm does not require 

adjustment to overcome a resistive force. Given the importance of cerebral motor regions 

in controlling force production (Brochier et al. 1999; Evarts 1968; Fetz and Cheney 1980) 

it is still unknown whether stroke affecting descending motor commands impairs 

locomotor adaptations involving overcoming novel forces.  

 

Recent follow-up work using the split-belt treadmill has suggested that adaptation 

of spatial and temporal aspects of locomotion may be controlled by separate central 

nervous system (CNS) regions. Specifically, Choi et al. (2009) found that adaptation of 
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inter-leg timing was impaired in children with hemispherectomy whereas step length was 

not, suggesting the cerebrum played a role in the adaptation of temporal aspects of gait. 

Vasudevan et al. (2011) studied the developmental trajectory of locomotor adaptation and 

found age-related differences in the adaptation of spatial and temporal locomotor 

parameters. Young children (<11 years) showed impairments in adaptation of spatial but 

not temporal aspects of locomotion, suggesting that cerebellar maturation was required 

for adult-like adaptation of spatial gait parameters. Malone and Bastian (2010) found that 

when subjects were instructed or distracted during locomotor adaptation, presumably 

placing a greater demand on cerebral areas, the rate at which spatial and temporal gait 

parameters adapted was different than when subjects were given no instructions or 

distractions. Furthermore, evidence suggests the motor cortex is involved with gait cycle 

timing (Bretzner and Drew 2005; Rho et al. 1999). Taken together, these results suggest 

the control of spatial and temporal gait parameters have separate loci within the CNS.  

 

Therefore, the purpose of the current study was to determine whether motor 

adaptation during gait was impaired in persons with chronic stroke and hemiparesis who 

were required to overcome a swing-phase resistance compared to nondisabled controls. 

We specifically wanted to test the adaptability of spatial and temporal gait parameters to 

determine whether cerebral damage due to stroke impairs the adaptation of temporal gait 

parameters. We hypothesized that persons with chronic stroke and hemiparesis would 

adapt spatial gait parameters to a swing-phase resistance during treadmill walking but 

would show impairments in adaptation of temporal parameters. We further hypothesized 
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that the rates at which the spatial gait parameters adapted would be different compared to 

controls.  

 

Methods  

Subjects 

Fourteen subjects with stroke (age 62.7 ± 11.8 years; 7 females) and 12 non-disabled 

controls (60.8 ± 12.7 years; 7 females) participated in the study. See Table 1 for detailed 

characteristics of the subjects with stroke. All subjects gave their written informed 

consent prior to participation and the joint Baltimore Veterans Administration and 

University of Maryland Baltimore Institutional Review Boards approved the study 

protocol. Subjects in the group with stroke were included if they had a history of 

unilateral stroke occurring at least 9 months prior and resulting in hemiparesis affecting 

the lower extremity. Subjects were also required to be able to walk on a treadmill at 0.4 

m/s for at least 3 minutes, with the use of handrails but without any orthoses. Individuals 

were excluded if they had a history of damage to both hemispheres or to the cerebellum, 

existence of any other neurological or orthopedic conditions affecting the legs, scored 

less than a 22 on the Mini Mental State Exam (Folstein et al. 1975) or any other medical 

condition that would place them at risk during moderate treadmill walking. Control 

subjects were required to be generally healthy, able to walk long distances and not have 

any significant neurologic or orthopedic conditions. Prior to testing, subjects with stroke 

underwent a brief examination including sensory and motor testing and the lower 

extremity portion of the Fugl-Meyer Assessment of Sensorimotor Recovery (Fugl-Meyer 

et al. 1975). See Table 1 for details. 
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Paradigm 

Subjects walked on a treadmill (Woodway, Waukesha, WI) in three consecutive 

testing conditions: Baseline, Adaptation and Post-adaptation, lasting 5, 10 and 10 

minutes respectively. Subjects with stroke walked at a self-selected speed and were not 

permitted to use any walking aids (e.g., cane). Control subjects matched the speed of 

individual subjects with stroke. All subjects wore a harness which did not provide body 

weight support or affect the normal walking pattern but would support weight if anyone 

stumbled or fell. Subjects were instructed to hold onto the front hand rail of the treadmill, 

look straight ahead, avoid looking at their feet, and walk as normally as possible. During 

all conditions subjects wore a custom-made padded cuff placed around one of their lower 

legs, secured with Velcro straps. Between Baseline and Adaptation, a rope was attached 

to the cuff via a hook on its back. The other end of the rope passed through a set of 

pulleys and was connected to a weight equal to 1.25% of body weight, rounded to the 

nearest 0.11 kg. The pulley system was located directly behind the leg with the rope in 

the plane of walking such that during Adaptation the perturbing weight resisted forward 

movement of that leg (Figure 1A). At the end of Adaptation the rope was detached from 

the cuff. Between testing conditions the treadmill was stopped and subjects stepped onto 

the side platform. Once the treadmill had resumed a constant speed, subjects stepped 

back on. Subjects were allowed rest breaks as needed. Prior to beginning data collection, 

all subjects practiced stepping onto the moving treadmill belt. Subjects with stroke were 

tested twice, approximately one month apart. The perturbing weight was applied 

randomly to either the paretic or nonparetic leg during the first session and to the 
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opposite leg during the second. Thus subjects with stroke were separated into two equal 

groups based on which leg was perturbed. 

 

Data Collection 

Two Optotrak Certus position sensors (Northern Digital Inc., Waterloo, Ontario, 

Canada), one placed on each side of the treadmill, were used to collect position data. We 

placed 12 infrared emitting diodes over the head of the fifth metatarsal, the lateral 

malleolus, lateral knee joint space, greater trochanter, the lateral and superior aspect of 

the iliac crest and acromion bilaterally, defining the foot, ankle, knee, hip, pelvis, and 

shoulder respectively. Position data were collected at 100 Hz and recorded over the full 

duration of each testing condition.  

 

Data Analysis 

Data were analyzed with custom written MATLAB software (MathWorks, 

Natick, MA). Marker position data were low-pass filtered with a 6 Hz fourth order zero-

phase shift Butterworth filter. To analyze walking on a stride-by-stride basis, we 

identified each stride as the time from initial contact on one foot to the next initial contact 

on the same foot. This was further separated into stance (time from initial contact to lift 

off) and swing (time from lift off to next initial contact) durations. Note that swing time 

for one leg equals SLS time for the opposite leg. Initial contact was identified as the time 

when the ankle marker reached its maximum forward position. Lift off was the time 

when the foot marker reached its maximum backward position (Noble and Prentice 

2006).  
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We quantified gait adaptation with two kinematic measures frequently affected in 

post-stroke hemiparesis: step length symmetry and SLS symmetry. Step length was 

defined as the distance between the two ankle markers at initial contact. SLS, measured 

as percent of total stride time, was the portion of stance when the contralateral leg was in 

swing. Symmetry was calculated with a symmetry index (Noble and Prentice 2006): SI = 

(Xu – Xp) / (Xu + Xp), where Xu is the value (i.e., step length or SLS) for the unperturbed 

leg and Xp is the value for the perturbed leg. As reported previously (Malone and Bastian 

2010), step length can be adjusted during walking in two different ways; by changing the 

angle about which each leg oscillates (a purely spatial parameter) and/or by changing the 

phasing between the legs (a temporal parameter). Thus to quantify spatial and temporal 

characteristics of step length changes, we also calculated limb angle center of oscillation 

(CoO) and limb angle phasing. Limb angles were defined as the angle between a vector 

connecting the hip and foot markers and a vertical line bisecting the hip marker (Morton 

and Bastian 2006). Limb angle CoO was the limb angle mid-point between initial contact 

and lift off, which we report as the difference in centers of oscillation between the 

unperturbed and perturbed legs. Limb angle phasing was the lag time at the peak of the 

cross-correlation function of both legs’ limb angles over the course of two consecutive 

strides cycles.  

 

We also quantified the rate of step length symmetry adaptation. Symmetry data 

were first binned by three consecutive strides to reduce stride-to-stride variability. They 

were then fit to a double exponential curve with the form of )*()*( f
t

c
t

edebay
−−

++=  
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where c and f are rate constants in strides for the initial fast and the late slow portions of 

adaptation respectively.  

 

For statistical analyses, we compared each variable during the following five 

testing periods: Late Baseline, Late Adaptation and Late Post-adaptation (the average of 

the last 50 strides of each of these conditions), Early Adaptation and Early Post-

adaptation (the average of the first five strides of these conditions). See Figure 1B. 

Statistical comparisons were completed using Statistica (StatSoft, Tulsa OK) software. 

Outcomes were compared using a factorial ANOVA, with factors group (control vs. 

stroke, paretic leg perturbed vs. stroke, nonparetic leg perturbed) and testing period, with 

repeated measures on testing period. Adaptation rates among groups were compared with 

a one-way ANOVA. When an ANOVA was significant, post hoc analyses were 

performed using Tukey’s honest significant difference test. Statistical significance for all 

variables was set at p < 0.05. (See Appendix for subject data means.) 

 

Results 

Figure 2A shows stride-by-stride changes in step length for a typical control and a 

subject with stroke. The subject with stroke showed asymmetric step lengths, seen as 

deviations from zero during Baseline walking. During Adaptation the perturbation 

initially caused step length symmetry indices to increase toward positive values as step 

lengths decreased on the perturbed side and increased on the unperturbed side 

simultaneously. Step symmetry gradually returned toward baseline levels as walking 

continued. Removing the perturbation in Post-adaptation resulted in negative aftereffects 
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of a decrease in step length symmetry indices, which was achieved through an increase in 

step lengths on the perturbed side and a decrease on the unperturbed side. Again, step 

symmetry was gradually restored to baseline levels over the course of Post-adaptation. 

Figure 2B shows averaged results for the three groups over all key time periods. The 

ANOVA produced a main effect of condition (p < 0.0001) but no significant group or 

interaction effects. The post hoc analysis indicated the perturbation produced an 

immediate change in step symmetry from Late Baseline levels (Early Adaptation, 0.122 ± 

0.12 vs. Late Baseline, 0.008 ± 0.07, p < 0.0001). As Adaptation continued, step 

symmetry adjusted back toward, but remained above, Late Baseline values (Late 

Adaptation, 0.058 ± 0.07 vs. Late Baseline, 0.008 ± 0.07, p < 0.01). When the 

perturbation was removed, a clear negative aftereffect was present (Early Post-

adaptation, -0.110 ± 0.10 vs. Late Baseline, 0.008 ± 0.07, p < 0.0001). We were able to 

fit curves to step length symmetry data for eight of the control subjects and 13 of the 

subjects with stroke, paretic and nonparetic legs perturbed. Rates of step length symmetry 

adaptation were not different among groups during either the initial fast or the later slow 

portion of adaptation (initial: 17.7 ± 18.7steps, 22.4 ± 20.8steps, 18.8 ± 23.9steps, p = 

0.87; late 76.8 ± 41.0steps, 56.3 ± 38.7steps, 67.8 ± 48.1steps, p = 0.56; control, stroke 

paretic perturbed, stroke nonparetic perturbed respectively).  

 

Recall that step lengths can be changed by altering either limb angle CoO 

differences between the two legs or interlimb phasing (or both). Figure 3 shows the 

average changes to each of these variables over the key experimental time periods. 

Average limb angle CoO differences (unperturbed minus perturbed) for all groups are 
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shown in Figure 3A. The ANOVA showed a main effect of condition (p < 0.0001) but no 

group or interaction effects. Post hoc analysis indicated the perturbation initially resulted 

in positive limb angle CoO differences (Early Adaptation, 3.36 ± 3.7° vs. Late Baseline, -

0.11 ± 2.6°, p < 0.0001) as unperturbed CoO increased and perturbed CoO decreased. 

Both returned to Late Baseline values over the course of Adaptation (0.88 ± 2.7° vs. Late 

Baseline, -0.11 ± 2.6°, p = 0.18). When the perturbation was removed, negative 

aftereffects were present (Early Post-adaptation -3.73 ± 3.5° vs. Late Baseline, -0.11 ± 

2.6°, p < 0.0001). This was achieved through decreased unperturbed leg CoO and 

increased perturbed leg CoO. Figure 3B shows average limb angle phasing changes for 

all groups. Again there was a main effect of condition (p < 0.0001) but no group or 

interaction effects. Interestingly, interlimb phasing did not change in Early Adaptation 

compared to Late Baseline (0.501 ± 0.02 vs. 0.500 ± 0.03, post hoc p = 0.96). However 

by Late Adaptation, limb angle cycles in the perturbed leg were phase advanced relative 

to the unperturbed leg (0.511 ± 0.02 vs. Late Baseline, 0.500 ± 0.03, post hoc p < 0.05) 

and remained phase advanced in Early Post-adaptation (0.511 ± 0.03 vs. Late Baseline, 

0.500 ± 0.03, post hoc p < 0.01).     

 

Figure 4 shows results for our other major variable of interest, SLS symmetry. 

Figures 4A-D show individual SLS symmetry changes as a result of the resistive 

adaptation. Whereas control subjects showed symmetry in SLS times between legs during 

Baseline, most subjects in the groups with stroke did not. Notice that because of the way 

the symmetry index is calculated, the same subjects with stroke who showed a large 

positive index when the paretic leg was perturbed showed a large negative symmetry 
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index when the nonparetic leg was perturbed. When the paretic leg was perturbed, all 

subjects with stroke showed appropriate negative aftereffects. In the individuals with 

significant SLS time asymmetry in Baseline, symmetry was temporarily restored (Figure 

4B). When the nonparetic leg was perturbed, all subjects with stroke showed appropriate 

adaptation, which, for the individuals with significant asymmetry in Baseline, also 

restored symmetric SLS times (Figure 4D). Figure 4E shows averaged results for all 

groups. Similar to step length symmetry, substantial asymmetry can be seen in the groups 

with stroke at baseline. Statistically, there were main effects of group and condition and 

an interaction effect (all p < 0.0001). Post hoc analysis indicated that SLS symmetry for 

paretic perturbed and nonparetic perturbed at Early Adaptation was different (0.187 ± 

0.07 vs. 0.071 ± 0.06, p < 0.001) and paretic was different from control (0.187 ± 0.07 vs. 

0.081 ± 0.04, p < 0.001). At Early Post-adaptation, paretic and nonparetic were different 

(0.007 ± 0.03 vs. -0.126 ± 0.08, p < 0.001) and nonparetic was different from control (-

0.126 ± 0.08 vs. -0.043 ± 0.03, p < 0.01).  

 

Discussion 

Our results indicate that locomotor adaptation to a swing-phase perturbation was 

not impaired in persons with post-stroke hemiparesis. The addition of the perturbation to 

one leg during treadmill walking resulted in adaptations and negative aftereffects of step 

length, SLS symmetry and limb CoO for controls and subjects with stroke regardless of 

whether the paretic or nonparetic leg was perturbed. Limb angle phasing was not initially 

altered by the perturbation but changed by Late Adaptation so that the perturbed leg was 

phase advanced relative to the unperturbed leg. This change was maintained in Early 
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Post-adaptation. With the exception of SLS symmetry, there were no main effects of 

group or interactions in our outcomes, indicating that all subject groups responded 

similarly to the perturbation.  

 

The lack of differences among groups and across spatial and temporal variables 

indicates that chronic stroke does not impair adaptation to a unilateral swing-phase 

perturbation. While the cerebrum is involved in the control of some aspects of gait such 

as cycle timing (Bretzner and Drew 2005; Rho et al. 1999) and muscle force production 

(Brochier et al. 1999; Evarts 1968; Fetz and Cheney 1980), evidence indicates that the 

cerebellum is necessary for locomotor adaptation (Ilg et al. 2008; Morton and Bastian 

2006; Yanagihara and Kondo 1996; Yanagihara and Udo 1994). Although the cerebellum 

sends projections to brainstem (Faull 1978; ten Donklaar et al. 1980) and cortical motor 

areas (Dum et al. 2002; Dum and Strick 2003), our results suggest that cerebellar-

brainstem projections may be more important to locomotor adaptation of both spatial and 

temporal gait parameters. If cerebellar projections to stroke-damaged cortical motor 

areas, which are associated with gait cycle timing (Bretzner and Drew 2005; Rho et al. 

1999), were more important for the adaptation of temporal gait parameters, we would 

have expected differences in the extent of and rate at which adaptation occurred in 

subjects with stroke. Because stroke did not impair adaptation in our subjects, our results 

support the importance of the cerebellum over the cerebrum in locomotor adaptation and 

agree with the results of Reisman et al. (2007). The lack of group differences in rates of 

step length symmetry adaptation further indicates that cerebellar mechanisms are more 

involved than cerebral mechanisms in locomotor adaptation in persons with stroke.     
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Limb angle phasing changed in a manner that was different from our other 

outcome measures, which showed immediate perturbation-related changes away from 

baseline levels and were gradually adjusted back. Unlike previous studies showing an 

immediate perturbation-related limb angle phase lag, (Malone and Bastian 2010; 

Reisman et al. 2007), subjects in our study did not immediately change phasing. The 

most likely explanation for this is that phase lag in Early Adaptation was limited by 

changes in swing time. The perturbation caused swing time to increase in the perturbed 

leg (contralateral increase in SLS). The perturbed leg phase lag would be associated with 

observed step length decreases but would also tend to force a relative lengthening of 

stance on that side. Because the perturbation increased swing time, a phase lag of the 

perturbed leg would be unlikely given that it would also be associated with an increase in 

stance time. Interestingly, whereas limb angle phasing adapted back to baseline in 

Reisman et al. (2007), our data indicated by Late Adaptation limb angles were phase 

advanced. Thus, subjects adapted step length by changing limb angle CoO back to 

baseline and phase advancing the perturbed leg. The continued perturbed limb phase 

advance after the perturbation was removed contributed, along with CoO changes, to step 

length symmetry negative aftereffects. 

 

Adaptation and negative aftereffects of SLS in subjects with stroke is a novel 

finding. Previous reports indicated that intralimb gait parameters (those requiring only 

one limb to quantify) such as SLS, do not adapt or show negative aftereffects during 

locomotor adaptation in nondisabled or persons with stroke and hemiparesis (Reisman et 
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al. 2005, 2007). However, consistent with previous findings in our lab (Savin et al. 2010), 

it appears the interaction between the behavioral goal and task constraints is more 

important in determining what gait parameters adapt than whether they are considered 

inter- versus intralimb. Most notably, perturbing the paretic leg, which increased SLS 

asymmetry in Early Adaptation, caused negative aftereffects to improve symmetry so that 

subjects temporarily walked with SLS symmetry when the perturbation was removed. 

These results are similar to others which indicate perturbations that increase asymmetry 

result in negative aftereffects that decrease asymmetry (Patton et al. 2006; Reisman et al. 

2007, 2009). However, this is the first time this has been shown for SLS, a frequently 

asymmetric gait parameter in persons with stroke. 

 

Motor adaptation’s ability to generate symmetry, albeit temporary, is important to 

the rehabilitation of hemiparetic gait, especially given the resistance of spatial and 

temporal asymmetries to traditional gait interventions (Dunsky et al. 2008; Patterson et 

al. 2008; Peurala et al. 2005; Regnaux et al. 2008; Silver et al. 2000; Teixeira-Salmela et 

al. 2001). Given that asymmetrical gait and stroke and hemiparesis are associated with an 

elevated risk for falls and serious injury (Di Fabio et al. 2004; Nyberg and Gustafson 

1995; Ramnemark et al. 2000), locomotor adaptation’s ability to improve gait symmetry 

in stroke could potentially improve hemiparetic gait efficiency and safety, improving gait 

function and reducing the risk of injury and death due to falls. Of key importance, 

significant improvements in symmetry were seen after only 10 minutes of perturbed 

treadmill walking, compared to interventions lasting as long as 3 months which did not 

show changes in gait symmetry (Silver et al. 2000). Thus locomotor adaptation may be an 
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efficient, effective approach for the targeted treatment of gait asymmetry in persons with 

stroke and hemiparesis.  

 

Some limitations of this study should be noted. While we did not find differences 

in adaptation of spatial and temporal gait parameters among groups, subjects with stroke 

as a group were mildly impaired as indicated by their average lower extremity Fugl-

Meyer score of 27.4 (max of 34), potentially resulting in their responses being similar to 

controls. Additionally, all subjects with stroke were required to be able to walk 

independently without an assistive device or orthoses. Despite this, subjects with stroke 

as a group showed impairments in gait speed. The average free gait speed on a level 

surface for nondisabled adults is 1.37 m/s (Perry 1992) while the average preferred gait 

speed of our subjects with stroke was roughly half that: 0.66 m/s (see Table 1). Thus it 

remains unclear whether spatial and temporal gait parameters would have adapted 

similarly in subjects with stroke who had greater impairment. Additionally, by requiring 

nondisabled controls to match the gait speed of subjects with stroke, the responses of 

control subjects could have been reduced compared to allowing them to walk at their 

preferred speed. We believe this is unlikely as control subject responses were similar to 

those of nondisabled adults adapting to the same perturbation at a faster gait speed (Savin 

et al. 2010). Furthermore, by having controls match the gait speed of subjects with stroke, 

the number of steps during conditions was likely to be more comparable among groups, 

thus exposing all subjects to the perturbation for a similar number of strides.   
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In summary, adaptation to a swing-phase resistance is not impaired in persons 

with stroke and hemiparesis. Spatial and temporal gait parameters adapted similarly in 

subjects with stroke and nondisabled controls. Further study is needed to determine 

whether the negative aftereffects we observed can transfer to the functional task of 

overground walking and whether their duration can be increased.   
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Figures 

Figure 1. A. Illustration of the treadmill setup and method of calculating limb angles. 

The small open circles indicate position marker placement. The weight and pulley 

mechanism was placed directly behind the leg to be perturbed. B. Time course of the 

experiment showing conditions (Baseline, Adaptation and Post-adaptation) and key 

testing periods.  

 

 

 

 

 

 

 

 



126 
 

 
 

Figure 2. A. Step length symmetry on a stride-by-stride basis for a typical control (top) 

and subject with stroke, paretic leg perturbed (middle) and non-paretic leg perturbed 

(bottom). Dashed horizontal lines represent perfect symmetry. Each circle represents the 

average symmetry index value of three consecutive strides. B. Group average step length 

symmetry changes for all groups across testing periods. Dashed horizontal line indicates 

perfect symmetry.      indicates control,         indicates paretic leg perturbed,                 

        indicates nonparetic leg perturbed. Late Baseline (LB), Early Adaptation (EA), Late 

Adaptation (LA), Early Post-adaptation (EP) and Late Post-adaptation (LA). Asterisk 

indicates significance level of p < 0.05 from post hoc comparisons of each testing period 

vs. Late Baseline. Error bars, ± 1 SEM. 
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Figure 3. A. Group average limb angle center of oscillation changes across testing 

periods. Dashed horizontal line indicates no difference in center of oscillation between 

legs. B. Group limb angle phasing shifts across testing periods.       indicates control,                    

       indicates paretic leg perturbed,          indicates nonparetic leg perturbed. Late 

Baseline (LB), Early Adaptation (EA), Late Adaptation (LA), Early Post-adaptation 

(EP) and Late Post-adaptation (LA). Asterisks indicates significance levels of p < 0.05 

from post hoc comparisons of each testing period vs. Late Baseline. Error bars, ± 1 SEM. 
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Figure 4. A, B. Individual SLS symmetry aftereffect magnitudes for control subjects and 

subjects with stroke, paretic leg perturbed. C, D. Individual SLS symmetry changes from 

Late Baseline to Late Adaptation for control subjects and subjects with stroke, nonparetic 

leg perturbed. E. Group average SLS symmetry changes across testing periods.             

indicates control,         indicates paretic leg perturbed,         indicates nonparetic leg 

perturbed. Late Baseline (LB), Early Adaptation (EA), Late Adaptation (LA), Early Post-

adaptation (EP) and Late Post-adaptation (LA). Asterisk indicates significance level of p 

< 0.05 from post hoc comparisons of each testing period vs. Late Baseline. Error bars, ± 1 

SEM. 
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Chapter 4 

Generalization of Treadmill Locomotor Adaptation to Overground Walking in 

Persons with Stroke and Hemiparesis 
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Abstract 

Stroke and hemiparesis often result in gait asymmetries which have been resistant to 

traditional forms of treatment. Recently, motor adaptation, an alteration in movement 

brought about by trial-and-error practice, has shown potential to temporarily improve 

aspects of gait asymmetry in persons with stroke and hemiparesis. However, to be useful 

in the rehabilitation of hemiparetic gait, motor adaptation during treadmill walking must 

generalize to overground walking and be maintained. Therefore, the purpose of the 

present experiment was to determine the extent to which motor adaptation during 

treadmill walking generalized to overground walking and determine the rate at which 

negative aftereffects de-adapted overground. Subjects with stroke and hemiparesis and 

age- and gender-matched controls adapted gait to a novel swing phase perturbation which 

altered step length symmetry during treadmill walking. They then walked overground on 

an instrumented gait mat. Step length symmetry aftereffects generalized to overground 

walking and de-adapted at a similar rate in both subject groups. For those with stroke, 

aftereffects resulted in a temporary improvement of overground step length asymmetry. 

Additionally, gait speed increased for both subject groups by the end of the experiment. 

Our results indicate that generalization of motor adaptation from treadmill to overground 

walking is not impaired by stroke and hemiparesis. Furthermore, motor adaptation may 

play a role in improving overground gait asymmetries in persons with stroke and 

hemiparesis.  

 

Key words: Walking, Motor Adaptation, Hemiparesis, Symmetry, Overground 
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Introduction 

 Alterations in the normal pattern of walking often occur after stroke and 

addressing these walking deficits is a major focus of neurological rehabilitation. In 

individuals with post-stroke hemiparesis, gait is characterized by decreased speed and 

cadence along with other spatiotemporal changes that frequently lead to asymmetries of 

step length (Brandstater et al. 1983; De Bujanda et al. 2003; Hesse et al. 1999; von 

Schroeder et al. 1995). These deficits often result in an inefficient and functionally less 

effective gait pattern (Chen et al. 2005; Hsu et al. 2003; Oken and Yavuzer 2008; Wall 

and Turnbull 1986). While many interventions have been shown to improve some 

features of walking in persons with post-stroke hemiparesis, they have generally shown 

little ability to alter hemiparetic gait asymmetries (Dunsky et al, 2008; Patterson et al. 

2008; Peurala et al. 2005; Regnaux et al. 2008; Silver et al. 2000; Teixeira-Salmela et al. 

2001).   

 

 Recently, studies using motor adaptation – a practice-dependent alteration of an 

established motor pattern (Martin et al. 1996) – during short-term treadmill walking 

(locomotor adaptation) show that it is possible to temporarily alter gait asymmetry in 

nondisabled individuals (Blanchette and Bouyer 2009; Noble and Prentice 2006; Reisman 

et al. 2005; Savin et al. 2010) and those with stroke and hemiparesis (Reisman et al. 

2007, 2009; Savin et al. 2011). Locomotor adaptation requires the cerebellum (Morton 

and Bastian 2006) and produces negative aftereffects – movement errors that are the 

reverse of those seen during the initial adaptation. Negative aftereffects indicate that 

feedforward motor commands are updated and stored by the central nervous system 
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(CNS) (Shadmehr and Mussa-Ivaldi 1994; Weiner et al. 1983). This is in contrast to 

reactive or feedback-driven changes which, while producing essential corrections to the 

gait pattern, do not produce negative aftereffects, indicating that the changes are not 

stored by the CNS (Eng et al. 1994; Forssberg et al. 1975; Hiebert et al. 1994). Evidence 

suggests that by perturbing hemiparetic gait during locomotor adaptation in such a way as 

to increase baseline (pre-perturbed) asymmetry, negative aftereffects can result in 

temporarily improved symmetry (Reisman et al. 2007, 2009; Savin et al. 2011). As such, 

locomotor adaptation has been suggested as a potential treatment for the asymmetries of 

hemiparetic gait (Reisman et al. 2007).    

 

To be an effective treatment, however, locomotor adaptation during treadmill 

walking must generalize to overground walking, i.e. demonstrate negative aftereffects 

when walking overground after having adapted gait during treadmill walking. Although 

motor adaptation can be context specific, with negative aftereffects not present outside 

the context in which adaptation occurred (McVea and Pearson 2007), evidence suggests 

that locomotor adaptation in humans can generalize to a different context (Anstis 1995; 

Earhart et al. 2002; Weber et al. 1998). For example, Reisman et al. (2009) compared 

split-belt treadmill adaptation magnitude with overground negative aftereffect magnitude 

and demonstrated that subjects with stroke and hemiparesis generalized a greater 

percentage of the split-belt treadmill adaptation to overground walking than nondisabled 

controls. The authors theorized that this occurred either because cerebral damage affected 

the ability of subjects to use contextual cues to alter gait patterns and/or because negative 

aftereffects represented an improvement in gait, therefore decreasing the drive to de-
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adapt. In either case, because subjects with stroke generalized a greater percentage of the 

treadmill adaptation to overground walking, the rate at which negative aftereffects de-

adapt may be reduced compared to nondisabled controls. However, it is not known 

whether de-adaptation rates do differ in persons with stroke and hemiparesis compared to 

nondisabled since Reisman et al. (2009) did not measure this.  Nor is it known whether 

improved symmetry of overground step length will result in increased gait speed in 

hemiparetic gait, as has been suggested by findings that increased gait speed is correlated 

with improved symmetry (Balasubramanian et al. 2007; Roth et al. 1997). Finally, it is 

not known whether a different locomotor adaptation paradigm using a unilateral swing 

phase perturbation will also generalize to overground walking better in persons with 

stroke and hemiparesis. 

 

 Therefore, the purpose of this study was to test the extent to which locomotor 

adaptation to a novel unilateral swing phase perturbation during treadmill walking 

generalized to overground walking. We hypothesized that all subjects would show a 

generalization of step length symmetry adaptation from treadmill to overground walking. 

Specifically, we hypothesized that by perturbing the leg with the shorter overground step 

length in persons post-stroke, thereby initially increasing step length asymmetry, the 

negative aftereffects would result in decreased step length asymmetry overground. We 

also hypothesized that if step length symmetry improved, overground gait speed would 

increase in subjects with stroke but not controls. Finally, we hypothesized that subjects 

with stroke would have slower rates of de-adaptation than nondisabled controls, 
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potentially reflecting the affect of cerebral damage on the use of contextual clues to alter 

the locomotor pattern (Reisman et al. 2009). 

 

Methods 

Subjects 

 Ten subjects with chronic, unilateral stroke and hemiparesis (7 female, aged 62.8 

± 9.4 years) and 10 age- (± 5 years) and gender matched nondisabled controls (aged 61.8 

± 9.3 years) were recruited to participate in the study. All subjects gave their informed 

consent and the study protocol was approved by the joint Baltimore Veterans 

Administration and University of Maryland Baltimore Institutional Review Board.  

Subjects were included if they were able to walk ≥ 0.4 m/s on a treadmill. Subjects with 

stroke were excluded if they had a history of stroke affecting both cortices, cerebellar 

damage, other neurological or orthopedic conditions affecting the legs or a Mini Mental 

State Exam (Folstein et al. 1975) score < 22. All subjects with stroke walked without the 

use of an ankle-foot orthosis or assistive device. 

 

Testing paradigm 

 Subjects undertook four consecutive testing conditions: Overground Baseline, 

Treadmill Baseline, Treadmill Adaptation and Overground Generalization. During 

overground conditions subjects walked on a 7.9 meter-long GAITRite (CIR Systems, 

Inc., Parsippany, NJ) mat. They were instructed to walk at their preferred speed with their 

arms free to swing. During treadmill conditions, subjects walked on a motorized treadmill 

(Woodway, Waukesha, WI). While walking on the treadmill, subjects were instructed to 
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hold onto the front hand rail, look straight ahead, avoid looking at their feet, and not think 

about their walking. For safety, all subjects wore a harness that did not interfere with 

normal walking but would support their weight if they were to stumble or fall. In all 

conditions, subjects wore custom-made padded cuffs placed around each of their lower 

legs, secured with Velcro straps, to which the perturbation could be attached. See Figure 

1A.   

 

During Overground Baseline subjects walked the length of the gait mat three 

times. The average baseline overground step length and speed of the three walks was 

calculated. The treadmill’s speed was set to 80% of overground gait speed to minimize 

confounding influences on gait due to the perception that subjects were walking faster on 

the treadmill compared to overground (Dal et al. 2010). Prior to beginning treadmill 

walking, subjects practiced stepping onto the moving treadmill belt. Subjects then 

stepped onto the treadmill for Treadmill Baseline condition, lasting five minutes. The 

treadmill was then stopped and subjects stepped onto the side platform. A rope was 

attached to the cuff on the leg having the shorter overground step length. The other end of 

the rope passed through a set of pulleys and was connected to a weight equal to 1.25% of 

subjects’ body weight, rounded to the nearest 0.11 Kg. The pulley system was located 

directly behind the leg with the rope in the plane of walking. Therefore, during Treadmill 

Adaptation the weight resisted forward movement of that leg during its swing phase. See 

Figure 1A. Once the treadmill had resumed a constant speed, subjects stepped back on for 

the Treadmill Adaptation condition, which lasted 10 minutes. Following Treadmill 

Adaptation, subjects were instructed to remain on the treadmill belt while a wheelchair 
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was brought to them. The harness and weight were unhooked and subjects sat in the 

wheelchair. They were wheeled off the treadmill via a ramp and positioned at the end of 

the GAITRite mat. The elapsed time from cessation of treadmill walking to the beginning 

of overground walking in the Generalization condition was typically less than 2 minutes. 

During the Overground Generalization condition, subjects walked the length of the mat 

five times, again at their preferred speed. See Figure 1B. For each pass, when subjects 

reached the end of the mat they were instructed to walk off the mat and stop without 

turning around. They were then seated in the wheelchair and turned around. In this 

manner, all footsteps during this condition occurred on the GAITRite mat.  

 

Data Collection 

Spatial and temporal gait parameters during overground walking were collected at 

120 Hz with the GAITRite system. Position data during treadmill walking were collected 

with two Optotrak Certus position sensors (Northern Digital Inc., Waterloo, Ontario, 

Canada), one on each side of the treadmill. We placed 12 infrared emitting diodes over 

the head of the fifth metatarsal, the lateral malleolus, lateral knee joint space, greater 

trochanter, the iliac crest and acromion bilaterally to define the foot, ankle, knee, hip, 

pelvis, and shoulder respectively. Position data were collected continuously during 

treadmill walking at 100 Hz.  

 

Data Analysis 

Overground gait parameters were analyzed with GAITRite software. Treadmill 

position data were analyzed with custom written MATLAB software (Mathworks, 
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Natick, MA). Position data were low-pass filtered with a 6 Hz fourth order zero-phase 

shift Butterworth filter. To analyze walking on a stride-by-stride basis on the treadmill, 

we identified each stride as the time from initial contact on one foot to the next initial 

contact on the same foot. Initial contact was identified as the time when the ankle marker 

reached its maximum forward position on the treadmill. Lift off was the time when the 

foot marker reached its maximum backward position on the treadmill (Noble and Prentice 

2006). Step length was defined as the distance between the two ankle markers at initial 

contact. 

 

Primary outcome variables were step length symmetry, overground gait speed and 

rate of overground step length symmetry de-adaptation. Secondary outcomes were 

overground stride length and gait cycle duration (elapsed time between consecutive initial 

contacts on the same leg), allowing us to characterize changes in gait speed. Step length 

symmetry was quantified with a symmetry index (Noble and Prentice 2006): SI = (Xu – 

Xp) / (Xu + Xp), where Xu is the value for the unperturbed leg and Xp is the value for the 

perturbed leg. Perfect symmetry will result in a symmetry index value of zero. Rates of 

overground step length symmetry de-adaptation were calculated by smoothing the data 

with a simple moving average (window width of 3 strides) to reduce stride-to-stride 

variability. The data were then fit to an exponential decay function after Lang and 

Bastian (1999) with the form of: )*( c
t

ebay
−

+= where a is the final value that the 

exponential decay function approaches, b is the magnitude of de-adaptation required from 

the first trial value to the value a, t is the step number and c is the decay constant or the 
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rate at which de-adaptation occurs. In our paradigm, c is the number of strides it will take 

to obtain )1( 1−− e or approximately two thirds of de-adaptation (Lang and Bastian 1999).  

  

Statistical Analysis 

We compared step length symmetry across key testing periods by averaging the 

last 5 strides of baseline conditions (Overground and Treadmill Late Baseline) and the 

first and last five strides of Treadmill Adaptation and Overground Generalization 

conditions (Early and Late Treadmill Adaptation and Early and Late Overground 

Generalization respectively). See Figure 1B. To assess treadmill adaptation-related 

changes to overground gait speed, we compared gait speed, stride length and gait cycle 

duration across Overground Late Baseline and Overground Early and Late 

Generalization testing periods. Statistical comparisons were completed using Statistica 

(StatSoft, Tulsa OK) software. Outcome variables were compared with a factorial 

ANOVA with factors group (control and subjects with stroke) and testing period, with 

repeated measures on testing period. When an ANOVA yielded a significant result, post 

hoc analyses were performed using Tukey’s honest significant difference test. 

Differences in age and rates of de-adaptation between subject groups were assessed with 

Student’s t-test. The level of statistical significance for all variables was set at p < 0.05. 

Data are presented as mean ± 1 SD. (See Appendix for subject data means.) 

 

Results 

There was no difference between subject groups with respect to age (p = 0.81). 

All subjects completed all experimental conditions. One of the subjects with stroke (S6) 



139 
 

 
 

was very unsteady when walking overground after adapting on the treadmill, complaining 

of vertigo-like symptoms, although there were no distinguishing characteristics apparent 

during pre-testing screening and nothing remarkable about her overground baseline 

walking. Because of this unsteadiness, her post-adaptation overground gait was 

characterized by a greatly increased base of support, decreased stride length and gait 

speed (by nearly 0.5 m/s compared to Overground Late Baseline) and a near doubling of 

gait cycle time. She also required the aid of an assistant for the first several Overground 

Generalization strides to help maintain her balance as she walked. Since we felt these 

unusual changes would mask any treadmill adaptation aftereffects, her data were 

removed from further analysis. Including this subject’s data in the analyses only affected 

the significance of Overground Late Generalization gait speed and stride length, causing 

both to be not significantly different from Overground Late Baseline. The significance of 

all other outcome measures was not affected.  Additionally, due to equipment failure, one 

control subject’s treadmill position data was not usable.   

 

 Figure 2A shows individual step symmetry changes during treadmill walking for 

a typical control and subject with stroke. When first perturbed in Treadmill 

Generalization, symmetry index values showed an immediate positive increase, 

indicating that the unperturbed leg had a longer step length than the perturbed. As 

walking continued, both subject’s step symmetry index values were adjusted back toward 

baseline. Figure 2B shows group average step length symmetry changes during treadmill 

walking for controls and subjects with stroke. The ANOVA had a main effect of testing 

period (p < 0.0001) but no group or interaction effects. Post hoc analysis indicated the 
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perturbation caused step length symmetry indices to immediately increase (become more 

positive) in Treadmill Early Adaptation compared to Late Baseline (0.163 ± 0.15 vs. 

0.046 ± 0.08, p < 0.001). This occurred through a decrease in perturbed step length and 

an increase in unperturbed step length (data not shown). By Treadmill Late Adaptation, 

step length symmetry indices had adjusted toward baseline (0.101 ± 0.09 vs. 0.046 ± 

0.08, p < 0.05).  

 

Figure 3A shows stride-by-stride changes in overground step length symmetry for 

a typical control and a subject with stroke. Note that negative aftereffects, present 

initially during Generalization, resulted in step length symmetry for the subject with 

stroke and asymmetry for the control subject. Figure 3B shows average overground step 

length symmetry changes for both groups. The ANOVA had main effects of group and 

testing period (p < 0.01 for both) but no interaction. Post hoc analysis on group showed 

symmetry indices for subjects with stroke were more positive and therefore more 

asymmetrical than controls (0.042 ± 0.07 vs. -0.002 ± 0.02, p < 0.01). Post hoc analysis 

on testing period showed the perturbation resulted in a significant step length symmetry 

negative aftereffect (Overground Late Baseline to Overground Early Generalization, 

0.044 ± 0.06 vs. -0.012 ± 0.04, p < 0.001). Negative aftereffects resulted in temporary 

step length symmetry during overground walking for subjects with stroke as a group. By 

Overground Late Generalization step length symmetry indices returned to Baseline 

(0.025 ± 0.05 vs. 0.044 ± 0.05, p = 0.22). Figure 3C shows de-adaptation rates for 

controls and subjects with stroke. We were able to successfully fit curves to step 

symmetry data for all controls and seven of the nine subjects with stroke. There were no 
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differences in de-adaptation rates between groups (7.89 ± 6.4strides vs. 13.01 ± 

5.9strides, p = 0.11, controls vs. subjects with stroke). 

 

 Figure 4A shows group average overground gait speed changes. The ANOVA had 

main effects of group and testing period (p < 0.0001 for both) but no interaction effect. 

Post hoc analysis on group indicated that subjects with stroke walked slower overground 

than controls (0.75 ± 0.3m/s vs. 1.26 ± 0.2m/s, p < 0.0001). Post hoc analysis on testing 

period indicated overground gait speed was slower at Overground Early Generalization 

compared to Overground Late Baseline (0.96 ± 0.4m/s vs. 1.02 ± 0.4m/s, p < 0.01) and 

faster by Overground Late Generalization (1.08 ± 0.4m/s vs. 1.02 ± 0.4m/s, p < 0.01).    

 

Figure 4B shows group average stride length changes. The ANOVA had main 

effects of group and testing period (p < 0.001 for both) but no interaction effect. Post hoc 

analysis on group showed that stride length for subjects with stroke was shorter than 

controls (1.013 ± 0.3m vs. 1.416 ± 0.2m, p < 0.01). Post hoc analysis on testing period 

showed that stride length was decreased at Overground Early Generalization compared 

to Overground Late Baseline (1.191 ± 0.3m vs. 1.221 ± 0.3m, p < 0.05) and increased by 

Overground Late Generalization compared to Overground Late Baseline (1.263 ± 0.3m 

vs. 1.221 ± 0.3m, p < 0.01).   

 

Figure 4C shows group average gait cycle duration changes. The ANOVA had 

main effects of group and testing period (p < 0.01 for both) but no interaction. Post hoc 

analysis on group showed that cycle duration for subjects with stroke was longer than 
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controls (1.43 ± 0.3s vs. 1.13 ± 0.9s, p < 0.01). Post hoc analysis on testing period 

indicated that gait cycle duration during Overground Early and Late Generalization was 

not different from Overground Late Baseline (1.33 ± 0.3s and 1.23 ± 0.2s vs. 1.27 ± 0.2s 

respectively, p > 0.06). Overground Early Generalization cycle duration was longer than 

Overground Late Generalization (1.33s ± 0.3s vs. 1.23 ± 0.2s, p < 0.01).  Thus, gait 

speed changes in Overground Early Generalization occurred primarily as a result of 

decreased stride length. Changes in Overground Late Generalization were the result of 

increased stride length and decreased gait cycle time (Overground Early Generalization 

to Overground Late Generalization). 

 

Discussion 

 Adaptation of step length symmetry to a swing phase perturbation during 

treadmill walking generalized to overground walking in nondisabled control subjects and 

persons with post-stroke hemiparesis. In control subjects, overground negative 

aftereffects initially resulted in step length asymmetry while in subjects with post-stroke 

hemiparesis they resulted in symmetry. Gait speed increased as predicted, but it occurred 

at the end of the Overground Generalization condition, not at the beginning. 

Furthermore, nondisabled controls and subjects with stroke showed similar changes in 

gait speed. Rates of step length symmetry de-adaptation were not different between 

groups. Thus our results extend those of Reisman et al. (2009) by demonstrating that 

persons with stroke and hemiparesis are able to generalize an adaptation to a resistive 

perturbation from treadmill to overground walking, that negative aftereffects resulted in 

overground step length symmetry in subjects with stroke and that overground gait speed 
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was greater by the end of Generalization for both groups and occurred primarily via an 

increase in stride length. 

 

Our step length symmetry hypothesis was fully supported. Step length symmetry 

negative aftereffects in subjects with stroke demonstrate that despite stroke and 

hemiparesis, the motor system retains the capability to significantly alter its output, with 

subjects walking, albeit temporarily, with gait symmetry during the real world task of 

overground gait. This is significant for gait rehabilitation post-stroke given that these 

results occurred after only one 10-minute bout of treadmill walking whereas traditional 

interventions lasting longer have not been able to alter gait symmetry. These results 

suggest that locomotor adaptation may be used as an efficient, effective treatment of 

hemiparetic gait asymmetries. However, it is not yet known to what extent the duration of 

negative aftereffects can be increased.   

 

We hypothesized that negative aftereffect-induced step length symmetry would 

increase overground gait speed in subjects with stroke but not controls. Despite decreases 

in step length asymmetry in subjects with stroke and increases in step length asymmetry 

in controls, overground walking speed immediately after treadmill adaptation was slower 

in both groups. There are several possible explanations. First, it should be remembered 

that gait speed in Overground Early Generalization, although slower than Overground 

Late Baseline, does represent a relative increase over treadmill gait speed, which was set 

at 80% of overground gait speed for both groups. Second, the decreased gait speeds in 

Overground Early Generalization could have been due to subjects paying more attention 
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to overground walking after adapting on the treadmill, although given instructions not to, 

thus negating what would have been a gait speed increase. However, we do not believe 

this was the case as evidence shows that gait speed increases when attention is focused on 

walking (Kelly et al. 2010; Yogev-Seligmann et al. 2010). Third, subjects could have 

been more cautious when first walking in the Overground Generalization condition due 

to the change in the context in which walking occurred, attenuating symmetry-related gait 

speed changes. Fourth, while asymmetry often results in decreased gait function and 

efficiency (Chen et al. 2005; Hsu et al. 2003; Oken and Yavuzer 2008; Wall and Turnbull 

1986), step length symmetry may not be as important to gait speed as is sometimes 

thought (c.f. Latash and Anson 1996). Indeed, the rehabilitation goal of a symmetrical 

gait pattern is somewhat controversial since with asymmetrical constraints an 

asymmetrical gait may be more functional and effective. Furthermore, several studies 

have reported outcomes of increased gait speed without concomitant improvements in 

symmetry (Peurala et al. 2005; Regnaux et al. 2008; Silver et al. 2000). Along these lines, 

for those with stroke, the return to asymmetry along with speed increases from early to 

late generalization could be an indication of gait becoming more comfortable for these 

subjects. For nondisabled it may also be an indication of gait becoming more comfortable 

as they return to symmetry. In other words, gait speed increases as both groups return to 

their respective, well-practiced baseline gait patterns.  

 

The unpredicted lack of statistically significant group differences in rates of de-

adaptation indicates that stroke and hemiparesis did not impair CNS storage and release 

of the perturbation-altered locomotor patterns. However, any interpretation of these 
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results is somewhat speculative given our overall small sample size and the reduced 

number of subjects with stroke whose data we were able to successfully fit with curves.  

 

One potential limitation of the experimental paradigm is that with the differences 

in gait speed between control subjects and those with stroke, controls took more strides 

during adaptation than subjects with stroke and were thus exposed to the perturbation for 

a greater number of strides. While this could have resulted in differences in adaptation 

between groups, we do not believe this to be the case due to the lack of a group by testing 

period interaction in overground step length symmetry and the similarity of rates of de-

adaptation.  In addition, we may have lacked an adequate sample size to distinguish 

differences in rates of de-adaptation. However, we were powered to detect changes in 

step length symmetry overground, not differences in rates of de-adaptation. Another 

potential limitation was that subjects with stroke were mildly impaired as assessed with 

the lower extremity Fugl-Myer assessment, possibly limiting the generalization of our 

findings to survivors of stroke as a whole. However, as a group, they did demonstrate 

impairments in gait velocity as evidenced by the significant group main effects for 

overground gait speed.  

 

In summary, we have shown that persons with post-stroke hemiparesis retain the 

ability to alter gait symmetry in the real-world task of overground walking. Locomotor 

adaptation to a swing phase perturbation during treadmill walking appears to be an 

effective means of bringing about short-term improvements in overground step length 

symmetry and gait speed. Further study is needed to determine whether negative 
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aftereffect-driven symmetry can be made more durable and whether improved symmetry 

also results in improvements in functional gait, including increased speed.  
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Table 1. 
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Figures 

Figure 1. A. Illustration of the treadmill setup. The small circles represent position 

marker placement. The weight and pulley system was positioned behind the perturbed 

leg. B. Time course of the experiment showing conditions and key testing periods.    
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Figure 2. A. Step length symmetry during treadmill walking plotted on a stride-by-stride 

basis for a typical control and subject with stroke. Each circle represents the average of 

three consecutive strides. B. Condition average step length symmetry changes across 

treadmill conditions for all subjects. Treadmill Late Baseline (TM LB), Treadmill Early 

Adaptation (TM EA), Treadmill Late Adaptation (TM LA). The horizontal line in all plots 

indicates perfect symmetry. Asterisk indicates significance level of p < 0.05 from post 

hoc analyses of each condition vs. late baseline. Error bars ± 1 SEM.  
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Figure 3. A. Step length symmetry during overground walking plotted on a stride-by-

stride basis for a typical control and subject with stroke. B. Group average step length 

symmetry changes in overground walking. Overground Late Baseline (OG LB), 

Overground Early Generalization (OG EG), Overground Late Generalization (OG LG). 

The horizontal lines indicate perfect symmetry. Asterisk indicates significance level of p 

< 0.05 from post hoc analyses of each condition vs. late baseline. C. De-adaptation rates 

for control subjects and those with stroke. Error bars ± 1 SEM. 
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Figure 4. A. Group average overground gait speed. B. Group average overground stride 

length. C. Group average overground gait cycle duration. Overground Late Baseline (OG 

LB), Overground Early Generalization (OG EG), Overground Late Generalization (OG 

LG). Asterisks for A and B indicate significance level of p < 0.05 from post hoc analyses 

of each condition vs. Overground Late Baseline. Asterisk in C indicates significance 

level of p < 0.05 from post hoc analysis of Early vs. Late Overground Generalization. 

Error bars ± 1 SEM.   
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Chapter 5 

Summary of Major Findings, Limitations and Future Directions 
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Flexibility in the control of walking is essential to its successful performance in a 

variety of contexts and behavioral goals. Alterations in the walking pattern due to CNS 

injury such as stroke result in functionally less effective gait (Chen et al. 2005; Hsu et al. 

2003; Oken and Yavuzer 2008; Wall and Turnbull 1986). Given that community 

ambulation is considered essential by the majority of survivors of stroke (Lord et al. 

2004), the restoration of gait post-stroke is a major focus of rehabilitation.    

 

Previous research has shown that persons with stroke and hemiparesis are able to 

improve some aspects of their gait. However, hemiparetic gait asymmetries have proven 

resistant to change (Dunsky et al. 2008; Patterson et al. 2008; Peurala et al. 2005; 

Regnaux et al. 2008; Silver et al. 2000). The contrast between the inherent flexibility of 

walking and the resistance of hemiparetic gait asymmetries to change underscores the 

continued need to investigate the flexibility of gait. This is particularly important in 

hemiparetic gait given evidence that asymmetrical gait, stroke and hemiparesis are 

associated with an elevated risk for falls and serious injury (Di Fabio et al. 2004; Nyberg 

and Gustafson 1995; Ramnemark et al. 2000), Therefore, the purpose of this dissertation 

was to develop a better understanding of gait’s flexibility, particularly in persons with 

post-stroke hemiparesis, through the use of motor adaptation during treadmill walking 

and to explore the extent to which adaptation occurring during treadmill walking 

generalized to overground walking. This information could aid the development of 

targeted therapeutic interventions using motor adaptation to improve the gait and safety 

of persons with stroke by reducing or eliminating asymmetries of post-stroke hemiparetic 

gait.  
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Summary of Major Findings of the Dissertation 

Adaptation to a swing phase perturbation applied to one leg results in feedforward 

changes bilaterally.  

 Bilateral responses in the lower extremities are often produced by a unilateral leg 

perturbation during walking (Forssberg et al. 1980; Pang and Yang 2000; Ting et al. 

1998; Yang et al. 1998). However, to date no studies have investigated whether responses 

in the leg contralateral to the perturbation occur via feedforward, predictive mechanisms 

– which are consistent with motor adaptation – or feedback mechanisms, which are not. 

In Chapter 2, we explored whether the leg contralateral to a swing phase perturbation 

demonstrated feedforward responses during treadmill walking in nondisabled adults. We 

found the perturbation produced numerous changes to kinematic walking parameters 

bilaterally. When the perturbation was removed, negative aftereffects were seen, 

indicating that the kinematics were adjusted through a modification of feedforward motor 

commands. Additionally, EMG changes in both legs persisted after removal of the 

perturbation. Thus, our results show for the first time evidence of feedforward adaptation 

of walking in the leg opposite a unilateral perturbation. Our findings demonstrate the 

ability of motor adaptation to alter CNS feedforward motor output to both legs during 

treadmill walking, not just the leg that was perturbed. The bilateral negative aftereffects 

indicated that the CNS stored the altered feedforward motor commands for both legs. 

These results may support the use of motor adaptation paradigms to target hemiparetic 

gait asymmetries.   
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Nondisabled subjects and persons with post-stroke hemiparesis adapt spatial and 

temporal gait parameters similarly, indicating cerebellar-brainstem projections may be 

more important in locomotor adaptation than cerebellar-cortical projections. 

 Post-stroke hemiparetic gait is characterized by asymmetries of step length and 

SLS (Brandstater et al. 1983; Chen et al. 2005; De Bujanda et al. 2003; Hesse et al. 

1999). Although persons with hemiparesis may be able to adapt their gait to a 

perturbation (Reisman et al. 2007, 2009), evidence suggests that spatial and temporal 

parameters may not adapt similarly compared to nondisabled controls (Choi et al. 2009). 

In Chapter 3, we investigated locomotor adaptation to a unilaterally applied swing phase 

perturbation during treadmill walking in persons with stroke and hemiparesis and age- 

and gender-matched nondisabled controls. We hypothesized that adaptation of step length 

symmetry, SLS symmetry and limb angle center of oscillation would be unimpaired in 

subjects with stroke compared to nondisabled controls, but adaptation of limb angle 

phasing and the rate of adaptation would be impaired.    

 

Our results showed all subject groups had adaptations and aftereffects of step 

length symmetry, SLS symmetry and limb angle center of oscillation regardless of 

whether the paretic or nonparetic leg of subjects with stroke was perturbed. The rate of 

step length symmetry adaptation was not different between controls and subjects with 

stroke. Furthermore, when the paretic leg of subjects with stroke was perturbed, the 

negative aftereffects resulted in their temporarily regaining symmetry of SLS. When the 

nonparetic leg was perturbed, subjects walked with SLS symmetry in late adaptation 

while negative aftereffects resulted in SLS asymmetry. Interlimb phasing changes were 
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not different among groups. Step length symmetry in part was restored in late adaptation 

through the perturbed leg phase advancing relative to the un-perturbed leg. These 

findings indicate that nondisabled subjects and persons with post-stroke hemiparesis are 

able to adapt to a unilateral perturbation. More broadly, our results, along with those of 

Reisman et al. (2007, 2009), show that motor adaptation is intact in persons with stroke 

and hemiparesis and that motor adaptation has the potential to reduce hemiparetic gait 

asymmetries.  

  

Adaptation of step length symmetry during treadmill walking generalizes to overground 

walking. 

 In Chapter 4, we investigated the extent to which adaptation of step length 

symmetry during treadmill walking generalized to overground walking in nondisabled 

subjects and persons with post-stroke hemiparesis. We hypothesized that by perturbing 

the leg with the shorter step length in persons with stroke, negative aftereffects would 

result in decreased step length asymmetry during overground walking. Our results 

indicated that adaptation of step length symmetry generalized to overground walking in 

nondisabled subjects and persons with post-stroke hemiparesis. The negative aftereffects 

during overground walking resulted in temporary (lasting on average for 13 strides) step 

length symmetry for subjects with stroke. Additionally, gait speed by the end of the 

overground generalization condition increased in both subject groups through an increase 

in stride length and a decrease in gait cycle time. These findings are important because 

they indicate the potential for gait adaptation during treadmill walking to generalize to 

overground walking in persons post-stroke and result in improvements, albeit temporary, 
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in gait symmetry and potentially longer-lasting improvements in gait velocity. Further, 

the improvements in overground gait symmetry occurred after only 10 minutes of 

treadmill training. Thus at a time when there is increasing pressure on rehabilitation 

professionals to facilitate improvements in functional mobility while reducing hospital 

and rehabilitation stays, motor adaptation could play a significant role in the efficient 

rehabilitation of hemiparetic gait.    

 

 In the preceding studies, motor adaptation related feedforward changes in 

movements and EMG occurred as a result of feedback information which indicated that 

there were errors in movements that needed correction. In other words, feedback 

information was used by the nervous system to generate an error signal when actual and 

intended movements did not match. This error signal was then used to update the inverse 

model so that ultimately intended and actual movements would match. The role of 

feedback information in motor adaptation is important. While much of the focus in the 

discussion of motor adaptation is centered on changes in feedforward motor commands, 

were it not for the feedback component, there would not be a way to indicate feedforward 

commands must be altered. In other words, feedback (afferent) information and changes 

in feedforward motor commands are vital components in the process of motor adaptation.  

 

Limitations of the Dissertation 

One limitation was that all subjects were required to hold the front handrail of the 

treadmill for the duration of treadmill walking. This was done for two reasons. First, 

holding the handrail helped ensure subject safety, particularly when stepping onto the 
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moving treadmill belt when the perturbing weight was first applied and first removed. 

Second, by having their hands on the handrail, subjects’ arms would not block markers 

placed on the hip and pelvis, allowing us to assess changes in hip and limb angles 

throughout the course of the experiment. However, this constrained the natural pattern of 

walking, which includes reciprocal movement of the upper extremities, and could have 

reduced adaptive responses in the arms (Donker et al. 2002). Holding the handrail also 

could have limited postural changes that may have aided the process of adaptation. 

Additionally, using the handrail may have limited the generalization of step length 

symmetry adaptation from treadmill (arms constrained) to overground walking (arms free 

to swing) investigated in Chapter 4 since evidence suggests that task and context 

similarity can lead to greater generalization of an adaptation (Anstis 1995; Reynolds and 

Bronstein 2004). Walking with arms constrained, as they were when subjects were on the 

treadmill, and walking with arms allowed to swing freely are clearly two related but 

different tasks. Thus, the generalization we observed may have been limited by 

differences in both context (treadmill to overground) and task (walking with hands 

holding a handrail vs. allowing arms to swing freely).    

  

 Another potential limitation in Chapters 3 and 4 was our inclusion of subjects 

with stroke who were relatively high functioning. While this likely increased the internal 

validity of our studies, it may have done so at the expense of external validity. Thus, we 

are unable to answer the question of whether persons who are more severely impaired by 

stroke would adapt similarly to nondisabled persons or those with mild impairments. 

However, given that our paradigm required subjects to walk for 10 minutes while 
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overcoming a swing phase resistance, it is unlikely that persons whose gait is severely 

impaired by stroke could have completed the training successfully. In fact, the ability to 

walk independently is very likely a prerequisite for performing locomotor adaptations. 

Furthermore, lower extremity Fugl-Myer Assessment scores and hand held dynamometry 

results for our subjects indicated they had a range of impairments and yet as a group 

adapted similarly to nondisabled controls. Interestingly, because evidence suggests that 

the cerebellum is particularly important to many forms of motor adaptation, including 

locomotor adaptation (Ilg et al. 2008; Morton and Bastian 2006; Yanagihara and Kondo 

1996), the ability to adapt locomotion may be minimally affected by impairment due to 

cortical stroke (Reisman et al. 2007, 2009). Indeed, children with hemispherectomy are 

able to adapt their gait during split belt treadmill walking (Choi et al. 2009), suggesting 

that influences of cerebellar projections on descending motor pathways in the brainstem 

are more important for adaptation of locomotion than projections to cortical areas. Thus, 

while independent ambulation may be a prerequisite for locomotor adaptation, the ability 

to walk independently without an assistive device, as our subjects were required to do, 

likely is not.  

 

 A third limitation in Chapter 3 is that we did not assess changes in EMG activity 

in subjects with stroke while they adapted and de-adapted during treadmill walking. This 

data could have provided additional information on mechanisms responsible for 

feedforward changes in interlimb phasing we observed in subject groups. 
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Suggestions for Future Directions 

 The results of the studies in this dissertation answer several questions regarding 

the control of locomotion in nondisabled individuals and in persons with post-stroke 

hemiparesis. However, there are many questions that remain. First, it is uncertain whether 

motor cortex integrity is necessary for consolidation of motor adaptation-driven learning. 

Second, the ability of repeated locomotor adaptation to increase the durability of negative 

aftereffects, which would be integral to locomotor adaptation’s use in the rehabilitation of 

hemiparetic gait, has not yet been explored. Third, it is unknown whether a gradual 

perturbation would result in greater generalization of locomotor adaptation from treadmill 

to overground walking compared to a sudden perturbation as has been suggested by 

motor adaptation studies involving the upper extremities. Fourth, it is not clear whether 

survivors of stroke who needed the aid of an assistive device to walk would adapt 

similarly to those who did not. And finally, it is unknown whether motor adaptation could 

be used during the acute phase of stroke rehabilitation to more effectively facilitate 

recovery of symmetrical gait compared to conventional gait training. The following are 

suggestions for future research projects aimed at addressing these questions. 

 

Does cortical damage impair motor consolidation of adaptation-driven motor learning 

during locomotion? 

 In Chapter 2, nondisabled subjects had bilateral adaptations and negative 

aftereffects to a unilateral swing phase perturbation, indicating the nervous system had 

temporarily learned (and stored) altered feedforward motor commands. However, it is 

unclear if motor cortical damage such as would occur in stroke impairs consolidation of 
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motor adaptation-driven learning during locomotion. Muellbacher et al. (2002) found that 

repetitive transcranial magnetic stimulation (rTMS) over the motor cortex disrupted early 

consolidation of an upper extremity motor task, indicating the motor cortex was involved 

with the early stages of motor consolidation. Richardson et al. (2006) found that when 

subjects received rTMS over the primary motor cortex before adapting reaching 

movements in a velocity dependent force field, the initial adaptation was not affected but 

retention, which was tested 24 hours later, was impaired. Their findings suggest that the 

primary motor cortex may be important in developing motor memories. Taken together, 

these results suggest that one possible explanation of motor learning impairment in 

persons with stroke is impairment of early motor consolidation.   

 

To examine whether motor cortical damage impairs early motor consolidation 

during the process of locomotor adaptation-driven motor learning, rTMS, which can 

temporarily interfere with brain function (Gangitano et al. 2002; Romero et al. 2002), 

could be applied over the motor cortex during a locomotor adaptation paradigm. 

Specifically, two groups of nondisabled subjects could be recruited, randomly assigned to 

Group A, who would receive rTMS or Group B, who would not. All subjects would adapt 

their walking to our unilateral swing phase perturbation. After adapting, subjects in 

Group A would then be given rTMS at 1Hz for 15 minutes (Muellbacher et al. 2002; 

Richardson et al. 2006) over the lower extremity representation in the primary motor 

cortex (visit 1). All subjects would return 24 hours later and re-adapt to the perturbation 

(visit 2). Rates and magnitudes of adaptation would be used as outcome measures. We 

hypothesize that during re-adaptation (visit 2), Group A subjects who received rTMS 
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would have greater magnitudes and slower rates of adaptation compared to Group B 

subjects who did not receive rTMS, indicating that disruption of the primary motor cortex 

interfered with motor consolidation of adaptation-induced motor learning. If our 

hypothesis was supported, these results would suggest that while persons with stroke 

could benefit from motor adaptation-induced motor learning, the time course required for 

this form of motor learning may be much longer than individuals without cortical stroke. 

Our results would also further our understanding of the role of the primary motor cortex 

in motor consolidation and motor learning during gait.   

 

Can the duration of motor adaptation-induced negative aftereffects be increased? 

 The ability of adaptation-related negative aftereffects to reduce or eliminate 

asymmetries of hemiparetic gait suggests that motor adaptation could play an important 

role in the targeted recovery of gait symmetry after stroke. Negative aftereffects have 

been shown to decrease gait asymmetry in persons with stroke (Reisman et al. 2007, 

2009). Yet virtually all studies of locomotor adaptation show that negative aftereffects 

wash out (Choi and Bastian 2007, Choi et al. 2009; Malone and Bastian 2010; Resiman et 

al. 2005, 2007. 2009; Savin et al. 2010). Therefore, in order for motor adaptation to be 

used as an effective treatment for hemiparetic gait asymmetries, the duration of negative 

aftereffects must be lengthened. Negative aftereffects that were longer in duration would 

presumably indicate a more permanent recalibration of the internal model utilized by the 

CNS.  
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There is evidence to suggest that this may be possible, although it is nearly 

exclusively in upper extremity studies (Fortis et al. 2010; Martin et al. 1996; Pisella et al. 

2001; Serino et al. 2009). For example, long-lasting changes in hemispatial neglect have 

been demonstrated when subjects repeatedly adapted to laterally-deviating prism lenses 

(Fortis et al. 2010; Pisella et al. 2001; Serino et al. 2009). However, it is unknown 

whether similar results would be obtained during gait in persons with post-stroke 

hemiparesis.   

 

Motor adaptation can recalibrate the internal model utilized by the CNS and 

adapting repeatedly to a perturbation has been shown to lead to long-term motor learning 

(Martin et al. 1996). Therefore, it would be reasonable to hypothesize that repeated 

locomotor adaptation could lead to a long-lasting recalibration of the internal model of 

hemiparetic gait, presumably resulting in a durable decrease in gait asymmetry. 

Alternatively it could be hypothesized that the internal model used in hemiparetic gait 

represents an optimal solution to the constraints imposed on the CNS and body by stroke 

(c.f. Latash and Anson 1996). If so, then repeated motor adaptation could result in 

learning two different locomotor skills – walking with and without a perturbation – and 

as in the findings of Martin et al. (1996), there would be no negative aftereffects when the 

perturbation was removed. After training, subjects would walk with their baseline gait 

pattern when the perturbation was applied and removed, showing behaviors appropriate 

for two different conditions and no adaptation or negative aftereffects.  
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To test the hypothesis that repeated locomotor adaptation would increase the 

durability of negative aftereffects and thereby improve gait symmetry, subjects with 

stroke would train three times a week for six weeks by repeatedly adapting their gait 

during treadmill walking to our swing phase perturbation. In this paradigm, each 

subject’s average baseline overground walking speed would be calculated on the first 

visit and the treadmill’s speed set to match that speed. We have shown in Chapter 4 that 

step length symmetry negative aftereffects generalize to overground walking, resulting in 

temporary symmetry of step length and that overground gait speed was increased 

following treadmill adaptation. Therefore after adapting, subjects would walk overground 

on the GAITRite mat allowing us to quantify the duration of step length symmetry 

aftereffects and gait speed. Then, after the six-week training period was over, subjects 

would return three months later for a follow-up/retention visit to assess the long-term 

durability of training-induced alterations in the gait pattern. If the duration of negative 

aftereffects can be increased and they result in gait symmetry improvements and 

increased overground gait speed, this could indicate that motor adaptation represents an 

effective technique for the treatment of hemiparetic gait asymmetries, which have 

heretofore been resistant to treatment.  

 

Would a gradually compared to suddenly applied perturbation result in greater 

generalization of locomotor adaptation from treadmill to overground walking? 

 The practicality of using locomotor adaptation during treadmill walking as a 

viable treatment of hemiparetic gait asymmetries depends not only on increasing the 

duration of negative aftereffects but also on the adaptation’s generalization to overground 
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walking. We have shown in Chapter 4 that adaptation to a swing phase perturbation 

applied to a single leg during treadmill walking does generalize to overground walking. 

Similar to Reisman et al. (2009) though, our results indicated that generalization was not 

complete, lending further support to evidence that task specificity and context play a role 

in determining the generalization of an adaptation (Anstis 1995; Reynolds and Bronstein 

2004). However, the method in which the perturbation is applied also may have played a 

role in determining to what extent the treadmill adaptation generalized.   

 

A gradually applied perturbation, which still produces negative aftereffects (Buch 

et al. 2003; Kargerer et al. 1997; Kluzik et al. 2008), can result in increased 

generalization of an adaptation to a different context. Kluzik et al. (2008) have shown 

that there is greater generalization of an adaptation in an upper extremity task when the 

perturbation is gradually applied compared to when it is suddenly applied. The authors 

theorize this occurs because the sudden application of a perturbation causes the CNS to 

build an internal model of the perturbation (in our case, the weight) whereas a gradually 

applied perturbation causes the CNS to recalibrate its internal model of limb dynamics. 

Based on the findings of Kluzik et al. (2008), it would be reasonable to hypothesize that 

greater transfer from treadmill to overground walking could be accomplished via the 

gradual application of a perturbation. Furthermore, we hypothesize that by allowing 

subjects to walk without holding onto the handrail of the treadmill, as they would in 

overground walking, there will be greater generalization of the treadmill adaptation to 

overground walking due to task similarity than when subjects hold the handrail during 

treadmill walking.  
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To test these hypotheses, three groups of nondisabled subjects would be recruited. 

Group A would adapt to a suddenly applied perturbation as did control subjects in 

Chapter 4. Group B would adapt to a gradually applied perturbation. Both Group A and 

Group B would hold the front handrail of the treadmill. Group C would adapt to the 

gradual perturbation and would be instructed to not hold onto the handrail during 

treadmill walking. All groups would then walk overground. We hypothesize that while all 

groups would show a generalization of the adaptation to overground walking, Group C 

would show the greatest generalization of the treadmill perturbation. This knowledge 

would be of importance in the design and implementation of motor adaptation paradigms 

targeted at reducing gait asymmetries. If a gradually applied perturbation and not holding 

the handrails (a gait pattern that is more similar to overground gait than that of holding 

the treadmill handrails) resulted in greater generalization, it could increase the efficacy of 

locomotor adaptation when used in the context of a treatment targeted at reducing 

overground gait asymmetries. Additionally, the gradual application of a perturbing force 

during walking may be better tolerated by persons with already compromised gait than 

one which is suddenly applied.   

 

Do moderately and mildly impaired survivors of stroke adapt similarly to a locomotor 

perturbation?  

In chapters 3 and 4, we demonstrated that subjects with stroke who were mildly 

impaired were able to adapt to a single limb perturbation during treadmill walking and 

that the adaptation generalized to overground walking. However, because there are 
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multiple levels of gait impairments in survivors of stroke as a group, it would be 

worthwhile to know whether locomotor adaptation would be beneficial to all who were 

able to walk on a treadmill or only those who were mildly affected, i.e. able to walk 

independently without an assistive device. Previous research has shown no relationship 

between impairment level as assessed by the lower extremity Fugl-Myer Assessment and 

step length negative aftereffect magnitude (Reisman et al. 2007) during split-belt 

treadmill adaptation. Therefore, it is reasonable to hypothesize that if locomotor 

adaptation occurs via the influence of efferent projections from the cerebellum to 

locomotor centers in the brainstem, then level of gait impairment may not correlate with 

motor adaptation abilities. However, adaptation to a swing phase resistance perturbation 

presumably requires a modification of muscular force output of the legs. Because muscle 

force production is affected by stroke and is correlated with gait impairments (Bohannon 

and Andrews 1990; Nadeau et al. 1999), it could be alternatively hypothesized that the 

ability to adapt to a swing phase resistance may correlate with level of gait impairment. 

Therefore, two groups of persons with stroke and hemiparesis who were able to tolerate 

treadmill walking would be recruited for the study, stratified by those who could not walk 

independently without an assistive device and those who could walk independently 

without an assistive device. The study would utilize the same paradigm as was used in 

Chapter 3. We hypothesize that because cerebellar influences on descending motor 

commands primarily are thought to drive locomotor adaptation, the level of gait 

impairment would not impair the ability of subjects to adapt. The results would further 

broaden our understanding of the potential role of motor adaptation in the rehabilitation 

of hemiparetic gait and the populations of survivors of stroke that it would benefit most.   
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Could motor adaptation be used in the acute phase of stroke recovery to promote 

increased gait symmetry?   

 Our results in chapters 3 and 4 indicate that locomotor adaptation to a swing 

phase perturbation in persons with chronic stroke and hemiparesis is intact. This supports 

the findings of Reisman et al. (2007, 2009). However, it is unknown whether similar 

results would be seen in persons with acute stroke (onset of event ≤ six months prior) and 

hemiparesis. There is evidence to indicate that early interventions in addition to standard 

care during the acute phase of stroke rehabilitation may lead to better outcomes 

(Dromerick et al. 2000; Feys et al. 1998; Masiero et al. 2007; Winstein et al. 2004). Yet 

one criticism of these experiments is that it is not the intervention itself that is responsible 

for improvements in function but rather the increased time spent on rehabilitation that the 

training approach affords.  

 

Given the ability of locomotor adaptation to improve step length and SLS 

symmetry in individuals with chronic stroke and hemiparesis, it could be hypothesized 

that similar outcomes would be seen in persons with acute stroke with hemiparesis. 

Furthermore, promoting symmetrical walking patterns in the acute phase of stroke 

recovery may improve long-term gait symmetry more than conventional treatment. 

Therefore, it would be of great interest and a novel contribution to the field of 

rehabilitation science to explore the question of whether locomotor adaptation during the 

acute stages of stroke recovery affords a greater benefit to the restoration of functional 

gait than conventional therapy. We hypothesize that while both approaches would result 
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in gait improvements, because motor adaptation has the ability to alter the internal model 

used for gait, the locomotor adaptation group would show greater improvements in gait 

outcome measures, including gait symmetry.   

 

To test this, survivors of stroke would be divided randomly into two equal groups. 

Group A would receive conventional therapy plus 10 minutes of treadmill walking 

training and Group B would receive conventional therapy plus 10 minutes of adaptive 

training during treadmill walking. Thus, both groups would be dose-matched with regard 

to the duration of intervention given that was beyond that of conventional treatment. 

Outcome variables could include step length and SLS symmetry, gait speed and distance 

walked in the 6-minute walk test. Additionally, if sample sizes and investigator resources 

permitted, markers of metabolic cost associated with gait could also be assessed pre- and 

post-intervention for both groups to determine if the energetic costs of gait post-stroke 

were differentially affected by the intervention paradigms. These results would be novel 

and represent an important contribution to our knowledge regarding the efficacy of motor 

adaptation in the targeted treatment of gait asymmetries.  

 

Conclusions   

In summary, our results indicate that changes in movement patterns in the leg 

contralateral to a swing phase perturbation occur via changes in feedforward motor 

commands. Nondisabled subjects and those with stroke and hemiparesis are able to adapt 

to a unilaterally applied swing phase perturbation during treadmill walking. Our results 

indicate that stroke affecting descending motor commands for walking does not impair 
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motor adaptation to a unilateral swing phase perturbation. Our results also show that step 

length symmetry adaptation occurring during treadmill walking transfers to overground 

walking in nondisabled subjects and those with stroke and hemiparesis. Furthermore, the 

negative aftereffects resulted in subjects with stroke temporarily walking with step length 

symmetry overground and increased gait speed. Together, our findings add to our 

understanding of motor control during gait and provide support for the potential use of 

locomotor adaptation in the targeted rehabilitation of asymmetries of post-stroke 

hemiparetic gait.   
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Appendix: Subject Data Means 

Chapter 2 

Swing Durations as Percent of Gait Cycle  

LB ER LR EP LP
1 35.5891449 39.3454173 36.7921548 33.3359959 35.3491263
2 35.3593111 37.9207241 36.4012742 33.6646865 35.0566883
3 36.3476029 37.75718 37.2116116 35.2916924 36.0054486
4 36.2141229 40.1263907 37.0333607 33.0346033 35.6888932
5 34.7391895 42.4057524 36.9024952 35.2270948 35.0347804
6 35.9096731 41.0624458 37.1787266 34.2732722 35.5597647
7 36.2494996 39.9094362 37.2361558 33.4653092 35.4706443
8 35.6096952 40.6390814 36.9377504 33.5993399 35.1808103
9 36.7676457 38.6787879 37.3934648 35.89148 36.8439143
10 36.3779227 38.8906232 36.8231004 33.073115 36.019258
11 35.2388729 33.7958093 34.8857195 34.7635982 35.3861769
12 35.2623922 34.0847202 34.6583491 36.1108911 35.1492771
13 35.952565 34.6255791 36.1071748 36.3212545 36.0350696
14 34.8079505 33.3439041 34.7382076 36.0725675 35.198371
15 35.8129104 34.5026628 35.7485146 36.3955996 36.1907229
16 35.8173336 34.4011896 35.3927843 36.9612278 35.8707333
17 35.8663492 35.1064597 35.3729072 37.1611094 36.5046434
18 36.1807751 34.6766724 35.9020219 36.3754722 36.1915222
19 36.4429184 34.8536618 35.5782084 36.0161616 36.8118555
20 35.3557439 34.4515628 34.7586105 35.8046176 35.9658052
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Step Length in Milimeters 

Pert=1 Unpert=2 LB ER LR EP LP 
1 1 628.228463 622.083293 601.132928 672.405925 624.34411 
2 1 604.53071 583.549924 591.761679 630.841952 593.289205 
3 1 615.491641 515.813397 614.208135 618.880609 604.19635 
4 1 613.865825 581.086964 613.695502 705.394878 634.122777 
5 1 637.761803 516.844355 625.52238 708.81073 640.547065 
6 1 631.324958 617.806938 600.186474 701.213364 627.098033 
7 1 572.772179 537.334962 569.217313 651.980855 590.851155 
8 1 587.78028 570.703799 585.893792 633.354848 613.378173 
9 1 585.402793 547.747893 548.897963 619.5346 603.614488 
10 1 563.043581 552.278234 550.354771 620.972956 564.554329 
11 2 657.669186 701.328726 671.261292 597.326729 662.665861 
12 2 601.667286 639.036033 594.396863 554.891234 592.725214 
13 2 604.283544 617.273108 657.900519 518.480255 627.865066 
14 2 615.713552 682.381719 648.540262 584.042987 642.807165 
15 2 637.483265 682.019349 645.215598 515.150719 639.524643 
16 2 628.649218 681.854959 626.541096 618.585518 625.411654 
17 2 591.680789 648.260309 607.784556 581.558428 611.524084 
18 2 590.11327 630.861009 609.968897 517.657592 604.057994 
19 2 566.328303 603.811096 584.534154 505.273019 561.139779 
20 2 601.697384 624.260538 616.158314 552.559585 587.63945 
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Group Stride Length in Meters 

Pert=1 Unpert=2 LB ER LR EP LP 
1 1 1.2503118 1.28612682 1.2357721 1.25265519 1.24843978 
2 1 1.15138183 1.16875019 1.12667201 1.12582481 1.12744373 
3 1 1.17467467 1.07567323 1.23474498 1.09766343 1.18985217 
4 1 1.19231565 1.18481944 1.22545936 1.24928693 1.23899299 
5 1 1.2209943 1.19927484 1.22999891 1.16987438 1.22425912 
6 1 1.23019893 1.26572308 1.20046296 1.31844411 1.21815063 
7 1 1.10785994 1.1225641 1.12232957 1.16264373 1.14158005 
8 1 1.14204182 1.17947863 1.16565426 1.11887764 1.17609479 
9 1 1.12164323 1.10723608 1.11378913 1.11540277 1.13402384 
10 1 1.12359469 1.11857866 1.12212371 1.12231419 1.10495298 
11 2 1.25605756 1.3107898 1.25524082 1.24730351 1.25697374 
12 2 1.14668715 1.17736367 1.12935983 1.11824802 1.12384032 
13 2 1.17273525 1.06411568 1.23512933 1.08622067 1.18764436 
14 2 1.19466834 1.21284902 1.22153639 1.26358896 1.24272341 
15 2 1.23655073 1.16538781 1.24089643 1.17361678 1.24123128 
16 2 1.21344153 1.27190033 1.19049254 1.29606035 1.2067234 
17 2 1.10680924 1.13641439 1.12652363 1.16731495 1.14995475 
18 2 1.14769477 1.16831536 1.16836426 1.10660157 1.17684068 
19 2 1.13208717 1.12076928 1.11250036 1.12209582 1.1436376 
20 2 1.11490687 1.12027464 1.12031209 1.12732818 1.10287108 
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Group Total Hip Excursion – Difference from Baseline 

Pert=1 Unpert=2 ER LR EP LP 
1 1 -0.0348151624 -4.59285597 6.13533807 -0.316742878 
2 1 -2.52228752 -1.45568994 4.20552946 -0.798530081 
3 1 -5.74079749 3.23545467 -1.6675877 1.5157647 
4 1 -0.104376038 3.23325634 4.72945985 2.54922861 
5 1 -0.895687563 2.09300353 -1.55867175 1.28618779 
6 1 -0.495631434 -0.0112394046 8.36445342 -3.17874603 
7 1 -2.49392961 -3.4001714 4.11659255 0.9956208 
8 1 -1.10153118 0.210996405 2.94548332 3.29353869 
9 1 -0.15262335 0.268550938 2.54748104 0.0203287797 
10 1 -1.27766212 3.63824494 3.85596238 -2.45029087 
11 2 6.63007373 0.738068395 -2.70697248 -0.486752094 
12 2 3.75818689 2.2628031 -3.84167095 -0.257273943 
13 2 -1.93460228 4.10433859 -7.24540511 0.508349137 
14 2 7.97275142 4.29559451 2.11722867 1.91502076 
15 2 1.21684551 5.18725265 -7.40222911 1.29505698 
16 2 10.5106981 -0.824681169 0.796966356 -2.91891357 
17 2 7.06915252 4.01297406 -3.47151411 2.76671504 
18 2 4.33250187 4.40075658 -5.07034661 2.43552923 
19 2 1.75874602 -0.537360912 -4.62171047 1.92640912 
20 2 3.26913149 2.35041377 -3.9391188 -2.89321962 
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Hip Angle at Initial Contact – Difference from Baseline  

Pert=1 Unpert=2 ER LR EP LP 
1 1 -5.0231301 -1.82101029 5.59510107 -0.306370585 
2 1 -2.59047551 -0.455443659 5.39274602 -2.46585172 
3 1 -2.6608878 2.37506963 8.67070201 3.77658512 
4 1 -5.15219542 -2.14968465 0.720922858 -5.86380632 
5 1 -9.91240812 -1.82662603 6.4170228 0.702372973 
6 1 -6.6617323 1.37718373 5.92513115 -1.9961502 
7 1 1.6552842 4.41907139 15.3772793 4.77716181 
8 1 -9.68067192 -2.01720837 6.30323416 1.85540833 
9 1 -7.59727467 0.222865429 3.39387897 0.425019566 
10 1 -1.82144717 2.70532991 8.85055881 0.0952700532 
11 2 1.75650202 0.925840669 0.32637495 -0.234100129 
12 2 3.09012924 3.63117367 1.02129112 -1.61577186 
13 2 0.602033627 2.43947776 2.08255046 2.61921001 
14 2 2.79320257 1.26349407 -4.75455885 -4.99098696 
15 2 -6.12798648 -0.424935603 -7.06789245 0.148920626 
16 2 1.80331353 1.52322545 -0.522593857 -2.24290685 
17 2 5.574756 4.2511499 1.1738573 3.86418141 
18 2 -2.97971824 -0.950345855 -2.86934197 1.6947269 
19 2 -1.52612458 2.9480414 0.504482925 1.61714534 
20 2 1.66197637 0.416367579 4.27812013 0.796157599 
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Hip Angles at Lift Off – Difference from Baseline 

Pert=1 Unpert=2 ER LR EP LP 
1 1 -4.98831493 2.77184568 -0.540237002 0.0103722934 
2 1 -0.0681879987 1.00024628 1.18721656 -1.66732164 
3 1 3.0799097 -0.860385042 10.3382897 2.26082041 
4 1 -5.04781939 -5.38294098 -4.00853699 -8.41303493 
5 1 -9.01672056 -3.91962956 7.97569454 -0.583814814 
6 1 -6.16610086 1.38842313 -2.43932227 1.18259583 
7 1 4.14921381 7.81924279 11.2606867 3.78154101 
8 1 -8.57914073 -2.22820478 3.35775084 -1.43813035 
9 1 -7.44465132 -0.0456855089 0.846397939 0.404690787 
10 1 -0.543785051 -0.932915031 4.99459642 2.54556093 
11 2 -4.87357171 0.187772274 3.03334743 0.252651964 
12 2 -0.668057644 1.36837057 4.86296207 -1.35849792 
13 2 2.5366359 -1.66486083 9.32795557 2.11086087 
14 2 -5.17954885 -3.03210044 -6.87178752 -6.90600772 
15 2 -7.34483199 -5.61218825 0.334336664 -1.14613635 
16 2 -8.70738459 2.34790662 -1.31956021 0.676006719 
17 2 -1.49439652 0.238175837 4.6453714 1.09746637 
18 2 -7.31222012 -5.35110243 2.20100464 -0.740802331 
19 2 -3.2848706 3.48540231 5.12619339 -0.309263778 
20 2 -1.60715512 -1.93404619 8.21723893 3.68937722 
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Perturbed RF Timing of Peak iEMG  

ER LR EP 
1 8 8 8 
2 10 8 9 
3 7 11 9 
4 8 8 10 
5 9 8 9 
6 10 8 7 
7 10 8 9 
8 7 8 9 
9 10 8 8 
10 7 9 9 
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Unperturbed HS Timing of Peak iEMG 

ER LR EP 
1 10 -5 0 
2 10 -5 0 
3 15 0 0 
4 15 -5 -5 
5 5 5 0 
6 30 -5 -5 
7 10 -5 -5 
8 5 0 0 
9 15 -5 -5 
10 10 -5 -5 
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Perturbed RF iEMG Magnitude 

LB ER LR EP LP
1 26.4935377 30.9446301 43.2674244 25.5285128 19.7240894
2 33.8716359 38.2237489 41.8903982 50.5663932 30.0994699
3 25.7442458 32.151812 29.4594859 40.1504542 29.9512191
4 24.205143 35.753927 39.264762 37.2306212 23.3693709
5 25.8466392 25.1205424 29.7869487 25.7849078 27.8600665
6 22.2246357 20.5423838 41.2318547 21.6567342 23.2300158
7 29.8384643 24.1671216 36.1776531 35.9535119 33.4540649
8 25.2071997 26.0969841 51.7438103 52.4218868 40.2411727
9 10.5332409 29.6664434 49.0370794 17.5648143 11.846276
10 35.0930145 40.6048797 49.0562371 45.1461909 32.1783767
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Unperturbed HS iEMG Magnitudes 

LB ER LR EP LP
1 44.2241441 35.287235 47.5413526 53.6506943 34.0835249
2 25.048628 27.462998 41.3279372 35.6912106 37.323305
3 44.7176567 40.6299075 49.7445299 68.1791598 34.5629042
4 31.2305317 15.370802 44.795232 48.5680009 44.8420594
5 20.8250887 35.21417 37.686125 38.177934 40.008481
6 37.1166224 23.0476985 41.5370491 37.3163948 46.7079376
7 38.7002721 24.9729043 60.0104785 47.3504477 45.9368838
8 41.1100771 40.6376751 54.1451946 42.1199854 40.6715774
9 33.1449122 39.1729286 62.908118 66.3732546 34.0001488
10 34.6541052 24.5968894 57.6195947 38.6899023 31.7758656
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Chapter 3  

Step Length Symmetry 

 
PP=1 

NPP=2  
Cont=3 

LB EA LA EP LP 

1 1 -0.174857423 -0.0771014929 -0.110399721 -0.162017608 -0.167789597
2 1 -0.0804730415 0.165922036 0.0864990727 -0.203474144 -0.0902061288
3 1 0.014031558 0.173451772 0.0458572808 -0.253803898 -0.0671291964
4 1 -0.029183545 0.0528407736 -0.0226353072 -0.290762009 -0.110218361
5 1 -0.008467951 0.0499588898 -0.0116285676 -0.16782248 -0.0167437607
6 1 0.0190574016 0.22620038 0.0327070547 -0.159525 0.0177709437
7 1 -0.0226732144 0.0382454865 0.00635545933 -0.08010634 -0.0323653352
8 1 0.023385664 0.0758359642 0.0403193856 -0.112645198 0.0291760196
9 1 0.0492335542 0.0189 0.0611504658 -0.125445684 0.039638432
10 1 0.15153815 0.24816865 0.238128673 0.0606631603 0.143249271
11 1 -0.0531853229 0.110224798 0.0383566577 -0.153125732 -0.0476629444
12 1 -0.0394624539 0.241181536 0.0230388936 -0.163356931 -0.0244217062
13 1 -0.04496359 0.0503058941 -0.0156965618 -0.12264828 -0.0641321053
14 1 -0.0228407384 0.0284025519 0.0271424356 -0.0857448491 -0.0240009605
15 2 0.177995606 0.0463415678 0.220075639 -0.122410727 0.266593216
16 2 0.149518574 0.326007229 0.268926582 -0.0386780369 0.132167349
17 2 -0.0347288095 0.2948363 -0.00992800723 -0.0491979595 0.0704179003
18 2 0.0772965607 0.577176132 0.133079424 0.0115421107 0.0977999775
19 2 0.0044886992 0.109896942 0.00848344065 -0.0338432909 -0.0080703143
20 2 -0.0009480923 0.186237196 0.0805091047 -0.0157744778 -0.0314881539
21 2 -0.025525149 0.0464172711 0.011353764 -0.0719452201 -0.0197267257
22 2 -0.0260117469 0.10677198 0.00151233346 -0.0732539002 -0.0396624548
23 2 -0.0330668051 0.0566834707 0.037867885 -0.0195346844 -0.0212662027
24 2 -0.0880918632 -0.125908382 -0.0284252218 -0.263021204 -0.0986613819
25 2 0.0962840911 0.064690127 0.129349835 -0.053823324 0.0610529941
26 2 0.0523495856 0.326525628 0.110220374 -0.114094713 0.0461555309
27 2 0.0592054836 0.122709789 0.10671162 0.0308649946 0.0641326756
28 2 0.0085838825 0.131593946 0.051767297 -0.447415261 -0.0434695793
29 3 0.0457119821 0.158902383 0.124091792 -0.243520551 0.0430490145
30 3 0.0084576630 0.131621753 0.0752568179 -0.035764072 0.0397012949
31 3 0.0428412419 0.127943758 0.11432555 -0.142681465 0.0060102494
32 3 0.0447717712 0.0515876455 0.0218352257 -0.003523652 0.0287684551
33 3 0.0117618322 0.0462909686 0.0146498727 -0.091670192 0.0013759464
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34 3 -0.034901153 0.0649145555 0.0151544283 -0.064706172 -0.0444664501
35 3 0.0369095189 0.231428776 0.128819506 -0.10805919 0.0226806926
36 3 -0.0280201066 0.147435796 0.0325375483 -0.170391095 -0.029556862
37 3 -0.0052222095 0.103496047 0.0461403453 -0.092507718 -0.0044063464
38 3 -0.0131762972 0.0099718952 0.0111486235 -0.090859004 -0.0286868303
39 3 -0.0032287063 0.0416185803 0.0642949011 -0.060751040 0.0036239651
40 3 0.0274800793 0.0910185127 0.0921954945 -0.010900553 -0.0015222678
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Step Length Symmetry Adaptation Rates: Initial and L 

PP=1 NPP=2 Cont=3 Initial Rate Late Rate
1 1 8.6427 36.399
2 1 49.434 2.10054
3 1 9.5904 105
4 1 5.7945 66.285
5 1 30.018 48.642
6 1 60 105
7 1 7.458 24.606
8 1 12.8151 105
9 1 60 71.841
10 1 13.7502 47.055
11 1 6.3042 0.6
12 1 5.4813 97.884
13 1 21.2721 21.264
14 2 8.0625 105
15 2 0.6 105
16 2 0.6 0.6
17 2 60 105
18 2 5.6427 51.636
19 2 11.6352 87.69
20 2 7.875 105
21 2 7.4082 105
22 2 6.6633 105
23 2 60 105
24 2 0.6 5.4972
25 2 60 0.6
26 2 15.1959 0.6
27 3 60 105
28 3 3.354 105
29 3 27.8334 4.6005
30 3 5.5869 32.001
31 3 11.5533 105
32 3 10.1271 105
33 3 16.1553 105
34 3 7.1841 52.797
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Limb Angle Center of Oscillation – Difference between Unperturbed and Perturbed 

 
Ppert=1 

NPpert=2 
Cont=3 

LB EA LA EP LP 

1 1 2.47102701 5.94664107 -0.900520658 -4.03417025 6.19724784
2 1 -1.55489369 2.76828997 3.13870487 3.94048976 4.18232388
3 1 -4.13673663 -0.654099835 -4.41240715 -10.8241631 -7.29326765
4 1 -3.59022733 -0.669787863 -3.98686563 -9.14452154 -6.73189472
5 1 0.0553158709 1.57171087 0.60611025 -4.48501867 -6.73189472
6 1 -1.7699469 3.50847022 -0.774523421 -5.57992061 -1.91218054
7 1 -3.25418806 3.16423519 -2.36838933 -7.13637435 -4.46928093
8 1 2.77326565 2.3885499 3.62011194 -4.66534666 2.75502674
9 1 0.885536114 1.2296016 3.84939091 -3.97809291 0.111702349
10 1 4.43942228 8.54477383 6.24259332 -0.710524724 3.87361695
11 1 -2.76651445 1.2105682 -0.71201997 -2.9342546 -1.20216124
12 1 -3.55572196 6.82005449 -1.85945697 -9.16583119 -2.75536176
13 1 -0.9949971 4.47987805 1.6058415 -2.53888338 -0.379662677
14 1 -5.97616176 2.69720998 2.22558214 -2.78091794 0.238369437
15 2 3.10928326 2.19459681 2.41091339 -3.5076748 3.34689483
16 2 4.75819082 8.36605943 5.58207578 -2.58398098 3.76789804
17 2 2.30876785 -0.613489763 3.8909141 5.67518968 5.81103076
18 2 3.87646125 18.2852101 6.39904205 4.59035221 6.55782512
19 2 -0.00598252612 2.99150037 -0.832563175 -2.2407939 1.0778441
20 2 1.45015726 6.31907847 2.51402682 0.549966465 2.0224784
21 2 1.05047342 4.05804554 2.41456066 -3.25093275 2.60403368
22 2 -2.70880723 3.21358428 -1.85629505 -5.52669348 -2.62017601
23 2 -0.175331254 3.83133848 0.945958381 -5.1920929 -0.547143519
24 2 -3.38768156 -3.14000003 -3.40977288 -8.31797427 -4.51004674
25 2 1.26426803 2.24956836 1.06395552 -2.84713661 -0.966326042
26 2 2.46135699 8.64389702 2.75050863 -4.54711331 1.35967145
27 2 2.59571962 4.15012363 2.08612395 -0.801541035 2.35203704
28 2 1.91363485 3.43343629 2.00431105 -3.76328209 1.21841474
29 3 0.11014714 3.83296844 1.3714543 -7.12784728 -0.14533342
30 3 1.04763794 5.49774735 2.0090743 -1.77138839 1.23775921
31 3 1.77293239 4.28194087 3.13661641 -4.30240438 0.190759184
32 3 1.8984884 3.94104401 0.603629227 1.22263854 2.77511352
33 3 -2.39332821 -2.80579853 -2.35401534 -4.82095904 -2.77804087
34 3 -3.39789861 -1.1298288 -2.78010004 -7.05118565 -4.49965759
35 3 -0.324999799 4.77987032 1.48883747 -5.54787965 -1.14327262
36 3 -1.57527834 4.39590106 -1.06049189 -7.3095581 -2.39199585
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37 3 -0.0523355249 3.25771665 -0.219035385 -5.0109422 0.19425201
38 3 -2.06144685 -0.477886103 -0.675279447 -3.53137559 -2.28794742
39 3 -2.12149364 -0.99189995 -0.965419808 -5.66552 -2.3790443
40 3 1.21401422 2.71443447 2.45051246 -2.5353106 1.22408416
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Limb Angle Phasing 

 
PP=1 

NPP=2 
Cont=3 

LB EA LA EP LP 

1 1 0.444889838 0.480188392 0.476386137 0.491432868 0.525533765 
2 1 0.452993893 0.474082699 0.485231744 0.468287875 0.44065411 
3 1 0.502014448 0.525884224 0.514508795 0.515176031 0.512989784 
4 1 0.534530436 0.544735396 0.523215789 0.529281748 0.526156627 
5 1 0.485075033 0.466769382 0.478686875 0.502220217 0.4880701 
6 1 0.509248259 0.507196347 0.499354883 0.50729767 0.492552267 
7 1 0.51153432 0.499288989 0.516347778 0.511242433 0.529718466 
8 1 0.491932067 0.483163683 0.489167452 0.501771448 0.486541675 
9 1 0.51406043 0.499107159 0.516406555 0.51054305 0.521088421 
10 1 0.532849253 0.533385944 0.538729249 0.561602958 0.532434856 
11 1 0.498741901 0.499654822 0.48973787 0.486964958 0.50307376 
12 1 0.50790544 0.454676484 0.506455623 0.482166294 0.511287395 
13 1 0.498776058 0.503647136 0.505501351 0.503220686 0.499085517 
14 1 0.5 0.5149 0.529635897 0.509143299 0.512944407 
15 2 0.552751689 0.535989347 0.543024676 0.544256752 0.535822275 
16 2 0.551383099 0.541076886 0.547819834 0.569434852 0.533451605 
17 2 0.51295937 0.423990692 0.511731676 0.494115673 0.507620365 
18 2 0.48723535 0.450790733 0.493234593 0.46192569 0.486274157 
19 2 0.518677295 0.513450285 0.522572437 0.535823363 0.516372175 
20 2 0.512463916 0.485050973 0.521047565 0.516687674 0.513309157 
21 2 0.472863791 0.497806373 0.490273901 0.492674658 0.470802724 
22 2 0.514345856 0.522584172 0.525240832 0.519481307 0.509390906 
23 2 0.487511931 0.506812444 0.501167975 0.524204568 0.489981323 
24 2 0.471579065 0.486038576 0.487812794 0.471099715 0.47331736 
25 2 0.497587182 0.486198329 0.505513129 0.490092933 0.487311493 
26 2 0.494516448 0.521242343 0.516335694 0.518567659 0.493921963 
27 2 0.49774179 0.498197609 0.508350763 0.518529625 0.49698921 
28 2 0.473379608 0.503674494 0.491335471 0.465385056 0.475972375 
29 3 0.498505948 0.500564442 0.520740624 0.540161623 0.508115466 
30 3 0.5049142 0.500817288 0.514377907 0.525161577 0.50564883 
31 3 0.516426636 0.505471641 0.534048043 0.537586438 0.524910731 
32 3 0.490455768 0.473061256 0.504866919 0.489380525 0.490572195 
33 3 0.51652873 0.528981147 0.524138342 0.515316721 0.515454171 
34 3 0.499850865 0.502856661 0.519251586 0.517247362 0.507580633 
35 3 0.505178373 0.514598866 0.521335482 0.537120316 0.509788791 
36 3 0.507326448 0.521904618 0.534958624 0.54645671 0.515676856 
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37 3 0.489124664 0.509465778 0.512567096 0.51289837 0.487572528 
38 3 0.506219198 0.496827881 0.498176999 0.499446246 0.507610684 
39 3 0.494767397 0.479866311 0.501797626 0.521287798 0.501432125 
40 3 0.495772496 0.480695473 0.50280377 0.49855944 0.488230952 
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SLS Duration Symmetry 

 
PP=1  

NPP=2 
Cont=3 

LB EA LA EP LP 

1 1 0.0067474051 0.183299889 0.078989251 -0.022051409 0.00152035607
2 1 0.0760524914 0.272150706 0.164888057 0.0331391455 0.120374893
3 1 0.0718455385 0.248580678 0.133610655 0.0152992541 0.0841474938
4 1 0.114947063 0.278244375 0.16402215 0.0622774449 0.0830803792
5 1 0.0165431927 0.097462387 0.047756118 -0.025995071 0.00209262863
6 1 0.0062091596 0.058845452 0.062697876 -0.024863861 0.0023020456
7 1 0.0517894938 0.189309617 0.092367791 -0.023005896 0.0570882765
8 1 0.0786507191 0.254416242 0.123107954 0.0666756922 0.0429833419
9 1 0.100489712 0.228252563 0.199989839 0.0477977648 0.0922244707
10 1 0.0316744421 0.156606375 0.090641568 -0.005630200 0.0194881962
11 1 0.096835009 0.202932525 0.176684494 0.0256559379 0.0987257077
12 1 0.0291992503 0.211945901 0.12581762 -0.012010666 0.0308074965
13 1 0.0142225102 0.105594767 0.081405618 -0.003385657 0.00276160938
14 1 -0.0025454910 0.129021856 0.056156930 -0.033796870 -0.0006091300
15 2 -0.0047202445 0.043877976 0.006567917 -0.207602636 -0.019493978
16 2 -0.0617623352 0.006757304 -0.01093982 -0.233433111 -0.0903393551
17 2 -0.0540187818 0.037584080 -0.031501940 -0.164987111 -0.0874295192
18 2 -0.0884985388 0.099956621 -0.02520088 -0.157696612 -0.0799648221
19 2 -0.0438620728 0.081659214 0.033386031 -0.094659484 -0.0324129999
20 2 -0.0095000379 0.100100789 0.073939865 -0.014209123 0.0157770077
21 2 -0.0285957721 0.093417957 0.045628906 -0.097842071 -0.0278840385
22 2 -0.0699334097 -0.011658729 -0.035371902 -0.141760342 -0.0525804644
23 2 -0.0788106874 0.058981653 -0.03139599 -0.165634924 -0.0889431731
24 2 -0.0349578743 0.159732642 0.030270317 -0.068335659 -0.037400945
25 2 -0.0569386247 -0.033005827 -0.021206141 -0.257690077 -0.0791833084
26 2 -0.0319533727 0.11577009 0.016540872 -0.127512141 -0.0438016431
27 2 -0.007751194 0.053801167 0.02875291 -0.041439812 -0.0087038616
28 2 0.0002827941 0.180370293 0.048362346 0.0081676778 0.0189995555
29 3 -0.0436340445 0.052807947 0.020124676 -0.105551559 -0.0419717093
30 3 0.0049448211 0.159012395 0.076885681 -0.013499152 0.0037302674
31 3 -0.0224454324 0.103188301 0.011982524 -0.046739735 -0.0495157902
32 3 -0.023222493 0.040636868 0.019584368 -0.053030299 -0.017893248
33 3 0.0121386483 0.040262340 0.019401900 -0.038476626 0.00441962367
34 3 0.017680715 0.101505445 0.054969956 -0.013922578 0.00699352093
35 3 0.0037083952 0.081347885 0.040166139 -0.027620332 0.00267222079
36 3 -0.0017099395 0.064765598 0.023358438 -0.060087052 -0.0170877745



 
 

202 
 

37 3 0.0030860992 0.103656437 0.050929787 -0.034183712 0.00610190409
38 3 0.020505287 0.102333609 0.066873251 -0.004880815 0.023822908
39 3 -0.0034883148 0.041909619 0.055484056 -0.048031215 -0.0131165072
40 3 0.0126420358 0.084689106 0.066306572 -0.064440025 0.0194078841
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Chapter 4 

Treadmill Step Length Symmetry 

CVA=1 Cont=2 TM LB TM EA TM LA
1 1 0.0669990033 0.116350007 0.0813375246
2 1 0.0807297808 0.160539968 0.112534738
3 1 -0.0453351091 0.0449124661 0.0201274205
4 1 0.119033224 0.46623313 0.272462831
5 1 0.0362312656 0.138178087 0.0701072399
6 1 0.178027258 0.115085245 0.145170332
7 1 -0.0381158439 0.0708173573 0.0904400927
8 1 0.0428652022 0.226436786 0.0989285679
9 1 0.0458254478 0.518095519 0.225578627
10 2 0.0033659096 0.12178944 0.0536729687
11 2 0.00258257254 0.0970962471 0.0718145542
12 2 0.00243972589 0.0952747558 0.042844277
13 2 0.0073902971 0.0680708854 -0.039300856
14 2 0.0242308053 0.142032305 0.0474976738
15 2 -0.00269431557 0.0825110043 0.0465141724
16 2 0.0314455912 0.151744224 0.0964152487
17 2 0.0148031748 0.0872552361 0.0265227797
18 2 0.268290006 0.431409757 0.324518518
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Overground Step Length Symmetry 

CVA=1 Cont=2 OG LB OG EG OG LG
1 1 0.118967737 0.0843257568 0.109665496
2 1 0.179691168 0.030703668 0.099748447
3 1 0.00328477654 -0.0135862724 -0.00764601776 
4 1 0.0892694063 -0.0774978658 -0.0162411664
5 1 0.0301018045 0.0299252572 0.00898751715
6 1 0.109391611 -0.00386263618 0.059456031
7 1 0.026892026 0.0021256977 -0.000572783229 
8 1 -0.0064910296 0.0271462871 -0.0073910755
9 1 0.139616078 -0.0485626934 0.16621622
10 2 0.016241205 -0.0496091697 -0.0073021852
11 2 -0.0066848267 -0.037537114 -0.00217013489 
12 2 0.0171307135 -0.0258455835 -0.00421252305 
13 2 0.0129642424 -0.0250681677 -0.00989023137 
14 2 0.020236838 -0.0291219588 0.0176003661
15 2 0.0282258387 -0.0069397682 0.0134536432
16 2 -0.000354486333 -0.0281505062 0.00913818549
17 2 0.00112034266 -0.0264903808 0.00532722626
18 2 0.0354174924 -0.0066630849 0.0338934679
19 2 0.0109650283 -0.0217934138 0.00803002162
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De-adaptation Rate 

Control Stroke 
1 4.99 12.25 
2 7.14 7.55 
3 2.55 14.04 
4 6.94 20.04 
5 24.81 10.16 
6 1.62 6.11 
7 5.8 20.95 
8 6.99 
9 8.19 
10 9.9 
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Overground Gait Speed in Meters per Second 

CVA=1 Cont=2 OG LB OG EG OG LG
1 1 0.562083567 0.50020438 0.594321276
2 1 0.465 0.458788927 0.490761246
3 1 1.0713354 1.09265215 1.186411
4 1 0.478400792 0.44348228 0.446282019
5 1 1.09780102 1.1846401 1.22846657
6 1 0.782219159 0.817740397 0.915149116
7 1 0.864797178 0.696414018 0.927774106
8 1 0.941437344 0.917097669 1.02874743
9 1 0.376891604 0.284773715 0.437865013
10 2 1.04636612 0.828057554 1.13195235
11 2 1.14709412 1.04148311 1.25222953
12 2 1.39646924 1.25870669 1.40363619
13 2 1.43083536 1.49290969 1.51022422
14 2 1.39603093 1.1650401 1.40820834
15 2 1.29597393 1.16828179 1.30189515
16 2 1.13702306 1.15330996 1.28042682
17 2 1.46957672 1.53684466 1.60569907
18 2 0.93579156 0.910355731 1.02458531
19 2 1.41543331 1.3026043 1.41196485
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Overground Stride Length in Meters 

Subj No CVA=1 Cont=2 OG LB OG EG OG LG
1 1576 1 0.90265 0.8566 0.9168
2 6557 1 0.6882 0.66295 0.70915
3 8147 1 1.3141 1.32495 1.38905
4 7060 1 0.773 0.71955 0.7178
5 2263 1 1.33295 1.36435 1.38915
6 2257 1 0.908 0.9431 1.04025
7 2760 1 1.22585 1.11085 1.26335
8 6560 1 1.24185 1.2235 1.2525
9 4120 1 0.67245 0.66825 0.72725
10 4387 2 1.26265 1.151 1.29235
11 7513 2 1.3382 1.27665 1.3901
12 8407 2 1.45945 1.38785 1.47845
13 759 2 1.64775 1.68445 1.6839
14 150 2 1.35415 1.2057 1.37075
15 9310 2 1.45175 1.3864 1.4701
16 3517 2 1.3559 1.34845 1.43395
17 8082 2 1.5554 1.58295 1.6285
18 7088 2 1.13315 1.1516 1.21065
19 5657 2 1.58755 1.57055 1.63915
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Overground Gait Cycle Duration in Seconds 

CVA=1 Cont=2 OG LB OG EG OG LG
1 1 1.6059 1.7125 1.5426
2 1 1.48 1.445 1.445
3 1 1.2266 1.2126 1.1708
4 1 1.6158 1.6225 1.6084
5 1 1.21420113 1.1517 1.1308
6 1 1.1608 1.1533 1.1367
7 1 1.4175 1.5951 1.3617
8 1 1.3191 1.3341 1.2175
9 1 1.7842 2.3466 1.6609
10 2 1.2067 1.39 1.1417
11 2 1.1666 1.2258 1.1101
12 2 1.0451 1.1026 1.0533
13 2 1.1516 1.1283 1.115
14 2 0.97 1.0349 0.9734
15 2 1.1202 1.1867 1.1292
16 2 1.1925 1.1692 1.1199
17 2 1.0584 1.03 1.0142
18 2 1.2109 1.265 1.1816
19 2 1.1216 1.2057 1.1609
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List of Equations 

Chapter 3:  

Symmetry Index: SI = (Xu – Xp) / (Xu + Xp) 

Xu is the value (i.e., step length or SLS) for the unperturbed leg; Xp is the value for the 
perturbed leg. 
 

Double Exponential Curve Fit: )*()*( f
t

c
t

edebay
−−

++=   
 
c and f are rate constants in strides for the initial fast and the late slow portions of 
adaptation respectively. 
 
Chapter 4: 
 
Single Exponential Curve Fit: )*( c

t
ebay
−

+=   
 
c is the rate constant. 
 
Percent Transfer: ((Xogeg – Xoglg)/(Xtmea – Xtmlb))*100  
 
(Xogeg – Xoglg) is the overground negative aftereffect magnitude; (Xtmea – Xtmlb) is the 
treadmill adaptation magnitude. 
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