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Abstract 

 

Generalization of these adaptations have been found to occur across task, workspace and 

between limbs. Interlimb adaptation transfer appears to depend on limb dominance. Transfer of 

adaptation from the non-dominant to the dominant limb involves faster rate of adaptation in 

movement trajectory patterns, while transfer from the dominant limb to the non-dominant limb 

involves a faster rate of adaptation positioning related parameters of movement. Although such 

observations are robust for upper limb adaptations, the extent of interlimb transfer during 

locomotor tasks is still unclear. Studies so far suggest that there is weak interlimb transfer of 

locomotor adaptation, but none have examined whether interlimb transfer during locomotor tasks 

depends on limb dominance. The objective of this study was to determine whether locomotor 

adaptations to a velocity-dependent resistance transfers asymmetrically depending on dominance 

associated with the legs. It was expected that transfer of adaptation will occur according to 

dominance, with the dominant limb showing faster adaptation in terms of foot trajectory 

following non-dominant limb learning; and the non-dominant limb showing faster adaptation in 

terms of heel strike position following dominant limb learning. Twenty able-bodied adults who 

were right hand and right leg dominant walked unipedally in the Lokomat robotic gait orthosis, 

which applied a velocity-dependent resistance against leg movements. The resistance was scaled 

to 10% of the individual’s maximum voluntary contraction of the hip and knee flexors. Subjects 

performed a heel targeting task that was scaled to their individual step length. Subjects were then 

randomly assigned to either the RL training group, testing transfer to the non-dominant limb, 

or to the LR training group, testing transfer to the dominant limb. Muscle activity (surface 

electromyography) and joint kinematics were recorded from the lower limbs. The adaptation rate 

in the initial foot trajectory slope and end point error were compared between the groups and 
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across trials using a 2 by 3 repeated measures ANOVA. There was no difference between the 

groups for either initial foot trajectory slope (p = 0.106) or end point error (p = 0.763). There was 

also no evidence for transfer of motor adaptations between the lower limbs in the other gait 

variables. These results suggest that interlimb transfer of locomotor adaptations is limited, but 

further studies are warranted to understand the neuromechanical mechanisms controlling 

locomotor adaptations. 
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Introduction 

Overview 

Afferent feedback is essential for locomotor adaptations to various types of perturbations. 

There is a large amount of evidence showing that sensory information aids in the control and 

coordination of locomotion (Forssberg, 1975; Lam and Pearson, 2002; Lam et al., 2006; Houldin 

et al., 2011). Furthermore, with sustained exposure to a perturbation the nervous system develops 

predictions of the sensory consequences to the disturbance. Internal models, which are neural 

representations of limb dynamics during movement, are thought to be involved in adaptations to 

sustained perturbations (Shadmehr and Mussa-Ivaldi, 1994). The internal model is stored and 

updated to reflect the altered movement dynamics (Shadmehr and Mussa-Ivaldi, 1994).  

Exposure to a perturbation for extended periods of time creates anticipatory motor 

adaptations to compensate for the new environment. For example, increases in flexor muscle 

activity are seen when resistance is applied to the leg during the swing phase of walking in cats, 

humans infants, and adults (Lam and Pearson, 2001; Lam et al., 2006; Lam et al., 2003). The 

response to the perturbation appears very quickly, especially when the perturbation poses a 

potential threat to stability and safety during walking. The involvement of internal models in the 

locomotor adaptation is revealed by the after effects in the stepping pattern that result when the 

perturbation is unexpectedly removed (Lam et al., 2006; Lam et al., 2003).  

 The ability to generalization motor adaptations between similar motor tasks, 

environments or across limbs implies a certain level of efficiency in motor control, decreasing 

the amount of exposure that is required to adapt when presented with a different perturbation. 

There is strong evidence that motor adaptations can be transferred between the upper limbs 

during reaching tasks (Criscimagna-Hemminger et al., 2003; Galae et al., 2007; Malfait and 
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Ostry, 2004), catching tasks (Morton et al., 2001) and drawing tasks (Vangheluwe et al., 2004), 

but the specific movement parameter that is transferred appears to depend on limb dominance 

(Sainburg, 2002; Sainburg and Wang, 2002; Sainburg and Kalakanis, 2000). During walking, the 

evidence for interlimb transfer between the lower limbs is less clear (van Hedel 2002; Stockel 

and Wang, 2011; Houldin et al., 2012). There is some evidence that interlimb transfer between 

the lower limbs also depends on limb dominance (Stockel and Wang, 2011), but whether this is a 

factor involved in interlimb transfer of locomotor adaptations has not been determined. Thus the 

objective of this project is to test the possibility that interlimb generalization of locomotor 

adaptations depends on lower limb dominance. 

Literature Review 

Adaptability of walking 

 

During walking, we encounter numerous scenarios that require modification of existing 

patterns in order to successfully continue walking. To enable the adaptations that allow us to 

successfully walk in different environments, the gait cycle must be flexible enough to 

accommodate all situations encountered. Our ability to make all the adjustments occur 

automatically  and with seeming ease, but the neural networks underlying the control and 

adaptability of walking are complex.  

The circuitry responsible for producing the basic motor output for walking can be found 

in the spinal cord. This circuitry is known as the ‘central pattern generator’ (CPG) and is 

responsible for activating the appropriate sequence of neurons and interneurons used for 

transmitting and interpreting descending and ascending information (Rossignol, 2002). Even 

when the spinal cord has been removed of all inputs, it is possible to trigger the basic alternating 
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pattern of flexor and extensor activity (Grillner and Zangger, 1979). The ability for the spinal 

cord to generate the basic locomotor pattern underlies some of the automaticity of walking.  

In order for walking to be meaningful, sensory feedback during movement is critical for 

modulating the motor pattern produced by the CPG. Proprioceptive information from the legs is 

gathered from various sources, such as cutaneous receptors on the foot, muscle spindles, and 

Golgi tendon organs in the tendons of muscles. The information obtained from the sensory 

apparatus is sent to the spinal cord via different sensory pathways. For example, CPG output is 

modulated by signals indicating hip position and limb loading to regulate extensor muscle 

activity during the stance phase of locomotion. Even in the absence of any cortical input, as in 

the decerebrate cat preparation, treadmill locomotion is initiated by hip extension (Grillner and 

Rossignol, 1978; Andersson et al., 1981; McVea et al., 2005). When the hip is manually 

stretched into extension, initiation of swing phase occurs at a fairly consistent angle (as long as 

the contralateral limb is in stance phase) (Grillner and Rossignol, 1978). Conversely, directly 

stretching the hip flexors, imitating a greater hip angle, during the extension phase of the gait 

cycle results in the cessation of ongoing extensor muscle activity and immediate initiation of the 

swing phase of gait (Hiebert et al., 1996). Similarly, hip angle appears to provide a critical signal 

for the transition from swing to stance, as its positions varies the least among the hindlimb joints 

at the onset of extensor activity at the end of swing across a variety of locomotor tasks (McVea 

et al., 2005).  

Proprioceptive signals about the load experienced by the extensor muscles also regulate 

the level and timing of extensor muscle activity during stance. If there is a load maintained on 

the limb, the swing phase is prevented and/or the stance phase is prolonged (Conway et al., 1987; 

Duysens and Pearson, 1980; Hiebert and Pearson, 1999). With excessive load placed on the 
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extensor muscles, the rhythmic activation of the flexors seen during locomotion is inhibited until 

the load on the extensor muscle is decreased (Duysens and Pearson, 1980). Conversely, 

unloading the limb during stance results in a reduction of extensor muscle activity. For example, 

Hiebert and Pearson (1999) used a foot-in-hole paradigm to determine how limb loading affected 

extensor muscle activation. While the animals walked on a motorized treadmill, the hind limb 

stepped in a hole to unload the limb. As soon as the limb was unloaded, extensor muscle activity 

decreased by an average of 68% to 74% in vastus lateralis, medial gastrocnemius, and lateral 

gastrocnemius (Hiebert and Pearson, 1999).  

Proprioceptive feedback signaling limb load are also utilized to make ongoing corrections 

in flexor muscle activity during the swing phase of walking. For example, Lam and Pearson 

(2001) used a decerebrate cat preparation to investigate modulation of hip flexor activity during 

resisted and assisted locomotion. During manually assisted swing phase, there was a decreased 

activation of hip flexor muscles. This was accompanied by an earlier onset of extensor muscle 

activity (McVea et al., 2005). When flexion is resisted, there was an increased in amplitude and 

duration of hip flexor muscle activity (Lam and Pearson, 2001).  The increase seen in muscle 

activation shows the use of proprioceptive information relating to hip angle and limb resistance 

to alter the muscle activation and change the locomotor output. 

Sensory information also shapes locomotor output in human. Human infants have an 

automatic stepping response that can be elicited even before they are independently walking, 

thereby providing an opportunity for studying the neural control of human locomotion prior to 

the maturation of descending pathways. Research on infants help to understand the function of 

the spinal cord and CPG in modulating motor output because of their underdeveloped 

equilibrium system and immature cortical systems (Forssberg, 1985; Pang and Yang, 2000).  
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When perturbations are applied to the stance limb of infants during locomotion, unique responses 

are seen based on the afferent information regarding limb load and hip position (Pang and Yang, 

2000). An example is the response during a mid-stance perturbation that involved placing a piece 

of cardboard under one foot to keep in stationary. In this situation, the contralateral limb 

continued stepping while locomotor activity in the stationary limb was replaced by tonic 

extensor activity (Pang and Yang, 2000). Another example is during a forward perturbation of 

the stance limb, where the limb was slid forward by the cardboard as soon as heel strike was 

made. Two separate responses were seen - 1) the disturbed limb did not re-initiate swing phase 

until it was fully extended and unloaded, prolonging stance phase and step length and 2) swing 

phase was re-initiated immediately with a flexed hip if the limb load was extremely low (Pang 

and Yang, 2000). The hip position and load placed on the limb were both very important in 

selecting the appropriate response to the perturbations experienced. These results corroborate 

data from animal studies and illustrate the common principles in sensory feedback regulation of 

locomotion across species. 

In adults, the alteration to the limb dynamics during movement has been shown to modify 

the muscle activation patterns used to maintain locomotor output. Corrective EMG responses to a 

brief resistance applied to one leg during walking can be observed throughout the entire gait 

cycle. However, the contralateral (unperturbed) leg only shows altered EMG activity depending 

on when the perturbation is applied in the gait cycle (Ghori and Luckwill, 1989; Ghori and 

Luckwill, 1990). These changes in EMG did not alter swing and stance phase durations, 

suggesting the body can alter locomotor output while maintaining balanced walking (Ghori and 

Luckwill, 1989). In another study, a velocity-dependent resistance was applied against leg 

movements during swing phase, resulting in an immediate increase in swing phase rectus femoris 
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activation during all steps against resistance (Lam et al., 2006). Once the resistance was removed 

this response in rectus femoris disappeared, suggesting the involvement of reflex mechanisms in 

dealing with the altered environmental conditions (Lam et al., 2006). Rapid responses in extensor 

muscle activity to changes in body loading are another example illustrating the corrective 

responses to alterations in the dynamics of the body during locomotion (Stephens and Yang, 

1999). With both sudden and sustained changes in limb loading through the addition of 30% of 

body weight to center of mass, there was an increase in extensor muscle burst. For example, 

during sudden loading changes the quadriceps have a 134% increase in amplitude of muscle 

activity during early stance phase (Stephens and Yang, 1999).These studies help support the 

importance of afferent information for the correction and alteration of locomotion in different 

environments.  

Adaptation to sustained altered sensory information 

 

In addition to reactive movement corrections, sensory information is also used to make 

sustained, long-term adaptations to movement. While the feedback-mediated modifications of 

the gait cycle described above can be effective for online corrections during movement, 

predictive changes in the walking pattern allow for greater movement efficiency with sustained 

perturbations. The development of these anticipatory motor changes is typically discussed within 

the context of ‘internal models’ (Shadmehr and Mussa-Ivaldi, 1994; Kawato 1999). Internal 

models are a conceptual framework for understanding motor control and adaptation. The 

framework assumes that motor control involves two separate control loops to perform predictive 

and online corrections to feedback from a movement. The forward model creates a prediction of 

sensory feedback based on the movement command and the environment (Wolpert and 

Ghahramani, 2000). The inverse model uses sensory feedback to perform real time corrections to 
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the movement based on incoming sensory information (Wolpert and Ghahramani, 2000). If there 

is a discrepancy between the predicted sensory feedback and the actual sensory feedback, 

corrections to the internal model are implemented for subsequent movements. This update of an 

internal model leads to the adaptation of a movement. Martin et al., (1996) defined motor 

adaptation as: 

“modification of movement in which three criteria are satisfied: (i) the movement retains 

its identity as being of some particular pattern of muscle activation or end result but 

changes with regard to some parameter or set of parameters; (ii) the change occurs only 

with repetition of the behaviour and is gradual and continuous; (iii) once adapted, 

subjects cannot retrieve the prior behaviour; instead they must change the adapted  

behaviour with practice in the same gradual, continuous manner back to the prior state.” 

Internal models are therefore thought to be updated through adjustments to incongruent sensory 

information as the central nervous system (CNS) learns the new dynamics of the limb and/or the 

environmental changes.  

Evidence for the formation of an updated internal model is observed with the appearance 

of ‘after-effects’ with the removal of the altered limb dynamics/environment. Movement 

trajectories during after effects mirror the initial movement errors that result from the first 

exposure to the perturbation (Shadmehr and Mussa-Ivaldi, 1994). For example, Shadmehr and 

Mussa-Ivaldi (1994) created a force field environment in which participants performed a 

reaching movement to 8 different targets while holding a robot manipulandum. Subjects reached 

through varied forces, according to the location of the target, for 250 trials on 4 separate 

exposures without visual feedback to guide their movements. During the initial exposure to the 
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environment, subjects reaching movements were destabilized in the direction of the force 

causing them to stop and perform a secondary corrective movement, resulting in a ‘hook-like’ 

trajectory to the final end point. During the training, subjects were unaware they were adapting 

to the force field, but did report that their sense of effort decreased as training progressed. When 

the force field was suddenly removed, after-effects were immediately observed. The direction of 

the corrective ‘hook’ movement had become the mirror to what was observed during initial 

exposure to the force field.  

Updates of internal models can be accelerated by increasing the size of the error 

experienced during the movement (Emken and Reinkensmeyer, 2005). Emken and 

Reinkensmeyer (2005) used a robotic device to apply an assistive force that altered peak toe 

height during the swing phase of locomotion. The rate of adaptation could be manipulated by 

imposing a larger perturbation of the first step. Rate of adaptation was measured using observed 

peak toe height during swing phase of the gait cycle. When this was done, average adaptation 

rate of peak toe height to the perturbation was 5.2 steps, compared to 7.2 steps in the control 

exposure of an equal amplitude perturbation throughout the exposure. After-effects were seen 

when the perturbation was removed and were manifested as a decrease in peak toe height, 

suggesting that the internal model had incorporated the assistance provided by the robot for 

movement.  

Analysis of changes in EMG activity has also revealed separate feedback and 

feedforward locomotor adaptations. Lam et al., (2006) investigated the effects of a velocity 

dependent resistance (using the Lokomat robotic gait orthosis) on locomotor output. Muscle 

activation in the rectus femoris during the swing phase was elevated immediately upon exposure 

to the perturbation, along with decreases in peak hip, knee and ankle flexion angle. With 
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prolonged exposure to the resistance, lower limb kinematics generally recovered to baseline 

values accompanied by appearance of increased pre-swing knee flexor muscle activity. During 

catch trials, subjects produced a high stepping pattern suggesting an altered internal model used 

for walking in the new environment. The high stepping response in the catch trials was 

characterized by the persistence of the pre-swing knee flexor muscle activity, suggesting that this 

response was part of a feedforward adaptation. On the other hand, the elevated rectus femoris 

activity that was seen during all steps against resistance was not evident during the catch trials, 

suggesting that this response was part of a feedback adaptation (Lam et al., 2006).  

 Perturbations can be applied during stance phase or swing phase to test internal model 

updates during locomotion. Noel et al., (2009) used an ankle robotic orthosis to apply 

perturbations during mid-stance, which increased dorsiflexion that altered the loading on the 

limb and position of the individual. The perturbation required active adaptation to return the 

ankle angle to baseline characteristics of movement. During the post-adaptation phase, subjects 

were required to actively adapt to return to normal movement in the null environment. 

Blanchette and Bouyer (2009) used elastic tubing cut to generate approximately 40% of the 

maximum force of the hamstring muscles for each participant and the tubing connected to the 

subjects foot. During swing phase there was a large increase in the peak foot velocity. EMG 

displayed a decreased in EMG activity during the exposure trial to return to baseline walking. 

During the post-adaptation phase, there was a decrease in peak foot velocity during swing phase 

because of the decreased EMG activity and required adaptation to the null environment. The 

duration of after effects appears to depend on the length of exposure to the perturbations (Fortin 

et al., 2009). Retention of adaptations appear evident up to 1 day following, suggesting there 

could have been a separate internal model created for movement in that specific environment 
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(Fortin et al., 2009). The adaptation and modification of motor output with different 

perturbations in these studies show modifications of internal models for locomotor movements. 

The updating of the feedforward portion of the internal model optimizes motor output for the 

demands of movement in the new environment. 

Cerebellar involvement in adaptation 

 

Internal models are thought to be formed in the cerebellum. Anticipating movements in 

an environment have produced evidence of the internal model framework being found in the 

cerebellum. Investigations of adaptations of eye movements offer an opportunity to understand 

the cerebellar involvement in predicting movement outputs. The cerebellum receives large inputs 

from the visual system and helps to coordinate eye movements based on both visual feedback, 

and during saccade movement, the anticipated location of the stimulus (Kawato, 1999). For 

example, Alahyane et al., (2008) used two different tasks to understand cerebellar control of 

saccades. Subjects performed two different types of saccade movements. First, a reactive saccade 

task was performed where a sudden visual stimulus appeared causing a saccade movement. 

Second, a voluntary saccade task was performed with a moving complex environment requiring 

voluntary saccades to move through the environment. It was found that a medial cerebellar lesion 

shows deficits in anticipation of location during reactive saccade movements, whereas lateral 

cerebellar lesions create deficits in location anticipation during voluntary saccades. Similarly for 

gait, it is thought that the medial cerebellar structure (vermis, fastigial nuclei) and the 

flocculonodular lobe could be responsible for predictive control of gait and balance because 

inputs from the dorsal spinocerebellar tract with information about the state of the limbs, outputs 

via the ventral spinocerebellar tract influencing interneuron activity and primary vestibular 

afferents (Morton and Bastian, 2004). 
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The role of the cerebellum in motor adaptations can be illustrated by studies of 

individuals with cerebellar lesions. Cerebellar lesions create large deficiencies in postural control 

and coordination of locomotor output (Fuentes and Bastian, 2007; Bastian 2006; Bastian 2008; 

Morton and Bastian, 2006). Coordination of information from both the cortex and vestibular 

system allow the cerebellum to coordinate postural control and movement output. When there is 

damage to the cortico-cerebellar pathway, postural sway increases when compared to a normal 

subject (Morton and Bastian, 2004). There is an even larger increase in postural sway compared 

to healthy subjects when the vestibulocerebellar pathway is damaged (Morton and Bastian, 

2004). Studies involving cerebellar lesion patients have shown that these patients have a 

decreased ability to update predictive movements, resulting in them relying on feedback 

mediated responses to stimuli (Bastian 2011; Shadmehr and Krakauer, 2008).  Morton and 

Bastian (2006) used a split-belt treadmill to determine how feedback is utilized to adapt to an 

altered environment. Subjects with cerebellar damage showed adaptation in stride length and 

stance time within a few strides in the altered environment, which are indicative of feedback 

controlled adaptations. Step length and double support time did not show adaptation, which are 

thought to be controlled through predictive updates to the internal model. Stride length and 

stance time are thought to be feedback controlled because they involve interlimb coordination, 

relying on spinal cord connections for adaptation (Reisman et al., 2005). Step length and double 

support time are thought to be feedforward controlled in the split belt treadmill paradigm because 

they involve intralimb coordination which would require CNS involvement for adaptation 

(Reisman et al., 2005). This evidence helps support that patients with cerebellar damage rely on 

feedback information to control movement and locomotion.  



12 
 

It is also possible to directly manipulate cerebellar activity in order to study the role of 

the cerebellum in motor adaptation. Yanagihara and Kondo (1996) decreased concentration of 

nitric oxide (NO) (an essential compound for motor learning to occur) in the cerebellum of cats 

and investigated changes in adaptation to split-belt treadmill locomotion. In control animals, 

adaptation to split-belt treadmill locomotion is accompanied by a gradual decrease in variability 

of step cycle and double-support phase durations. However, when NO concentration was 

decreased, there was large variability in step cycle and double support phase duration, 

throughout split-belt training trials. When levels of NO were returned to normal, the variability 

decreased and returned to the control values. In another study, direct stimulation of the 

cerebellum was used to demonstrate the involvement of cerebellar activity of locomotor 

adaptations. Jayaram et al., (2012) applied transcranial direct current stimulation (tDCS) to the 

cerebellum to show cerebellar control of locomotor adaptation. Subjects walked on a split-belt 

treadmill while current was applied to the ipsilateral cerebellar hemisphere of the fast leg. In 

control conditions, the rate of adaptation to split-belt locomotion was 12.6 strides. With the 

anode electrode placed on the ipsilateral hemisphere, the rate of adaptation was reduced to 8.7 

strides. But when the cathode electrode was placed on ipsilateral hemisphere, the rate was 

slowed to 31.1 strides. These studies in the intact cerebellum support the idea that the cerebellum 

is important in regulating the rate of adaptation during a locomotor task.  

Generalization of motor adaptations 

 

Adaptations are even more useful if they can be generalized between environments and 

limbs. When similar movements are used in multiple tasks, generalization of adaptation could 

occur between tasks (Wang et al, 2011; Bhatt and Pai, 2009). For example, in the study by Bhatt 

and Pai, (2009) individuals performed two separate tasks: a sit-to-stand or walking task and 
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changes in the control of balance after training were measured. Training consisted of repeated 

exposure to slips created by forward moving platforms under each foot during the sit-to-stand 

task. Subjects were then exposed to an unannounced slip during the walking task that was similar 

to the slip in the sit-to-stand task. After training, subjects showed a significantly lower incidence 

of falls and balance loss when compared to control, which was associated with improvements in 

center of pressure control  

Much like task or environmental generalization of adaptation, interlimb generalization 

would be useful for decreasing the time and number of exposures needed to learn a task once a 

limb has already learned it.  Interlimb generalization of motor adaptation have been found for 

many tasks of the upper limbs (Morton et al., 2001; Vangheluwe et al., 2004; Sainburg 2002; 

Sainburg and Wang 2002; Criscimagna-Hemminger et al., 2003; Malfait and Ostry, 2004; Galae 

et al., 2007). Studies of upper limb movements have the advantage of the ability to isolate 

training to one arm. Studies have shown that inter-limb transfer of adaptation can allow for the 

optimal performance of a task without ever practicing the task with that limb. For example, 

Morton et al., (2001) used a catching task where participants practiced catching balls of differing 

weights while not allowing their hands to drop outside the limits of a defined range. After 

training with one limb, participants switched to the opposite limb. Performance in the opposite 

limb was better than the initial performance of the trained limb, as shown by a decrease in the 

initial error during the catching task and also an increase the learning rate of the task (Morton et 

al., 2001). Similarly, Vangheluwe et al., (2004) used a bimanual drawing task to determine 

transfer between limbs performing differing tasks. After practice in one configuration of the 

drawing task, subjects showed faster learning rate while performing the same tasks with the 

opposite arm (Vangheluwe et al., 2004).  
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 Given the bipedal nature of walking, one would expect that interlimb generalization 

should be very important for locomotor adaptations. The limbs move in coordination with one 

another and the sharing of information is important between limbs. The connection between the 

lower limbs is evident in people with complete spinal cord injury performing assisted unipedal 

walking on a treadmill. Coordinated locomotor-like muscle activation was seen in both limbs 

during assisted unipedal walking (Ferris et al., 2004). The activation was similar to that seen 

during assisted bipedal walking and appears that both legs are utilizing information to determine 

appropriate muscle activation (Ferris et al., 2004). van Hedel et al., (2002) investigated lower 

limb generalization using an obstacle avoidance task during walking. Subjects were asked to step 

over an obstacle while minimizing the distance of their foot over the obstacle. Visual information 

of the treadmill was removed and extraneous auditory information was suppressed to minimize 

reliance on other senses to perform the task. Feedback on performance was provided by a series 

of auditory tones corresponding to height over the obstacle. Subjects were required to step over 

the obstacle with a specific ‘optimal’ height. After training with one limb, there was similar 

performance found in the opposite leg (van Hedel et al., 2002). The transfer was equal whether 

training was done on the left or right leg, with significant decreases in error in the opposite leg 

after training (van Hedel et al., 2002). This transfer allows for the optimization of performance 

with smaller amounts of practice and is very similar to that found in the arms.  

In contrast, recent findings in our lab did not show strong evidence for interlimb transfer 

of locomotor adaptations. Houldin et al. (2012), found limited evidence for transfer between 

lower limbs in healthy subjects. Subjects walked unipedally against a velocity dependent 

resistance during swing phase. Catch trials were interspersed throughout the exposure to the 

perturbation.  After opposite limb training, there was only transfer of after effects in the hip 
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measured as peak hip flexion (Houldin et al., 2012). A potential reason for the conflicting 

evidence for interlimb generalization during walking between studies (cf. Houldin et al., 2012 

and van Hedel et al., 2002) could be that the task in the van Hedel experiment required greater 

cognitive attention to the task compared to that of Houldin et al. (2012). Cognitive awareness to 

the task has been shown to influence motor adaptations. Malfait and Ostry (2004) found that 

gradual application of a perturbation did not result in internal model updates, even though there 

was a large amount of practice. The perturbation had to be introduced suddenly, with the 

participant aware of the change in the environment for feedforward updates to occur (Malfait and 

Ostry, 2004).  

Interlimb transfer of locomotor activity may be limited because information from afferent 

input may be limited the limb that supplied the information. Lavrov et al., (2008) performed a 

spinal cord transection and unilateral deafferentation in rats to determine if and what afferent 

information was crossed between limbs with epidural stimulation. They found limited recovery 

on the side that was deafferented, suggesting that even though there are large bilateral 

communication networks between the limbs afferent information from the ipsilateral limb is 

important for determining the appropriate movement patterns (Lavrov et al., 2008). 

Understanding that the spinal cord can only use information for the ipsilateral leg brings the 

importance of higher structures being involved in adaptation transfer. The cortex appears to play 

an essential role in allowing for interlimb transfer (McVea and Pearson, 2007). Houldin et al., 

(2012) did not find evidence of transfer, perhaps because the task used was implicitly motivated 

and did not engage cognitive structures. Since the spinal cord shows limited ability to transfer 

sensory information from the opposite leg despite large bilateral connections, the task may have 

been inappropriate for testing interlimb transfer during walking. We know from Malfait and 
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Ostry (2004) that cognitive awareness of the perturbation is required for adaptation to occur and 

indeed, van Hedel et al., (2002) who used an obstacle avoidance task requiring cognitive 

awareness and explicit feedback of task performance, did find transfer. Thus, interlimb transfer 

of motor adaptation is perhaps dependent on whether the task involves explicit goals and 

cognitive awareness. 

Could transfer be dependent on limb dominance?  

 

There is evidence that limb dominance could be an important factor in interlimb transfer 

(Criscimagna-Hemminger et al., 2003; Malfait and Ostry, 2004; Galae et al., 2007; Sainburg 

2002; Sainburg and Wang 2002; Stockel and Wang, 2011; Pryzbyla et al., 2012). Transfer in 

both directions, dominant (D) to non-dominant (ND) and ND to D have been assessed to 

understand transfer. Criscimagna-Hemminger et al. (2003) determined that transfer of learning to 

the new arm dynamics between the arms occurred in only the D to ND direction. Transfer 

appeared to rely on an extrinsic coordinate system regarding the velocity of the hand during 

movement (Criscimagna-Hemminger, 2003). However, Sainburg (2002) found that transfer did 

occur in both D to ND and ND to D directions during dynamic perturbations, depending on what 

movement parameter was used to index transfer. Contrary to Criscimagna-Hemminger et al., 

(2003) transfer in the direction of D  ND occurred mainly for end-point accuracy, whereas 

transfer in the ND  D direction occurred for movement trajectory. Transfer in both directions 

has also been found during visuo-motor perturbations (Sainburg and Wang, 2002).  

From the evidence in the literature, it appears that we have to have the correct movement 

parameters to quantify interlimb transfer. Sainburg (2002) proposed a Dynamic Dominance 

Hypothesis to explain the differences in DND and NDD interlimb transfer of adaptation. 
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This hypothesis states that transfer of adaptation is dependent on the dominance associated with 

the upper limb. The dominant arm is considered to be more aptly suited to code adaptations 

related to the dynamic portions of movement, such as joint torque interactions. On the other 

hand, the non-dominant arm is considered to be more aptly suited to code adaptations related to 

position or end-point accuracy. Thus, transfer between the limbs will be asymmetrical depending 

on the limb being trained and the movement parameter being tested (Sainburg, 2002; Sainburg 

and Kalakanis, 2000). 

 The hypothesis is supported by results of reaching adaptation studies involving visuo-

motor rotations or alterations to the dynamic properties of the reaching movement (Sainburg, 

2002; Sainburg and Kalakanis, 2000; Sainburg and Wang, 2002; Wang and Sainburg, 2006). 

When the non-dominant limb is trained to perform movement task in these environments, 

subsequent testing of the dominant arm shows that adaptation of the dominant side occurs at a 

faster rate for the dynamic portions of movement. Conversely, when the dominant arm is 

exposed to a perturbation for a training period, subsequent testing of the non-dominant arm 

reveals faster adaptation of the end point accuracy of the movement (Sainburg, 2002; Sainburg 

and Kalakanis, 2000; Sainburg and Wang, 2002). Similar results are observed even during tasks 

where movement trajectories are not constrained by a manipulandum. The dynamic dominance is 

seen in unsupported reaching tasks also (Tomlinson and Sainburg, 2011). There is a greater 

degree of flexibility seen in movements that are not restrained to an experimental manipulandum. 

Subjects performed reaching movements with the shoulder and elbow, while the wrist was 

splinted, to three different targets placed at different angles from the start point. It was found that 

the non-dominant arm produced movements with increased precision and end point accuracy of 

movement and the dominant arm showed efficient movement patterns with well-coordinated 
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muscle activation patterns (Tomlinson and Sainburg, 2011). Unsupported reaching offers 

numerous different solutions to make a movement. To observe the principles of the Dynamic 

Dominance Hypothesis still present during unsupported reaching shows the need to measure the 

appropriate variables to understand adaptation transfer.  

 There is also some evidence that there is asymmetrical transfer of adaptation for lower 

limb movements. Stockel and Wang (2011) showed transfer dependent on practice order and task 

completion. Subjects performed a spatial targeting task with their leg movements while they 

were placed on a swinging sled apparatus. There was a force plate perpendicular to the sled for 

the foot to push on and a light to provide an end point goal. The task involved a knee extension 

movement to propel the swing to either reach the lighted target area with their head or to 

maintain a force output. For the force training paradigm, the dominant leg showed faster rate of 

adapatation when the non-dominant leg was trained first. For training of end point accuracy, the 

non-dominant leg showed faster adaptation rates when the dominant was trained first (Stockel 

and Wang, 2011). As with the upper arms, these results are consistent with the Dynamic 

Dominance Hypothesis since the transfer of adaptation was dependent on the lower limb 

dominance.  

Is it appropriate to apply hypotheses about interlimb transfer from upper limb 

reaching to walking tasks? 

 

Unlike the reaching or pointing tasks typically used in the aforementioned studies, 

walking is not a discrete movement but uses a continuous pattern for the gait cycle to take place. 

However, locomotion and reaching movements could involve similar neural structures and 

control, with the cortex involved with visual coordination of the movement (Georgopoulos and 

Grillner, 1989). Although locomotion is a continuous motion, there are definite portions of the 
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gait cycle that have defined start and end positions, cycling repeatedly with each step. For 

instance, during walking, foot trajectory during swing is closely regulated (Winter, 1992), as 

evidenced by our ability to precisely control foot position over an obstacle (e.g., van Hedel, 

2002). Similarly, foot placement following the end of swing (heel strike) must be carefully 

controlled in order to ensure a safe landing site with each step. This motion mimics a reaching 

movement whereby the end point position must be precisely regulated.  

The precise control of foot trajectory during walking can be appreciated when locomotion 

is performed with cortical damage (Adkins et al., 1971; Dubrovsky et al., 1974; Eidelberg and 

Yu, 1981). Eidelberg and Yu (1981) lesioned the corticospinal system in multiple areas to 

understand the role of the different areas on locomotor kinematics. There were no differences in 

kinematics found between the different lesioned areas but the locomotor pattern on the 

contralateral side of the ablation showed changes, with large increases in the amount of 

extension at the hip, knee and ankle joints during walking (Eidelberg and Yu, 1981). These 

differences became attenuated with increased walking practice, with joint angle returning to 

baseline two weeks post-surgery (Eidelberg and Yu, 1981).  Adkins et al., (1971) described 

deficits in paw placement and jumping in cats after the portions of the motor or sensory cortices 

had been damaged. The altered descending input from the cortex alters the locomotor behaviour 

seen in the animals. Although, baseline gait cycle returns, movement during the paw contact 

placement response becomes irregular and inaccurate in sensory cortex damage and disappears 

completely in motor cortex damage. The deficits seen in paw placement make movement in 

complex environments nearly impossible.  

Other investigators have been able to show specific changes in firing pattern in cortical 

areas during locomotor accuracy tasks (Beloozerova and Sirota, 1993a; Beloozerova and Sirota, 
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1993b; Beloozerova et al., 2010; Drew, 1993; Drew et al., 1996). Beloozerova et al., (2010) 

recorded from neurons within the motor cortex of a cat trained to walk on a ladder with different 

cross beams widths. The cats were tested on 4 different tasks: simple locomotion over flat 

ground and stepping on ladder rungs that were 18cm, 12 cm in width or 5 cm in width. There 

was an increase in the precision of discharge timing in neurons of the motor cortex that was very 

evident in the transition from the simple walking task over flat ground to walking across the 

18cm beam width. Modulation of firing was also evident, such that firing was shorter but more 

intense as ladder widths decreased. There was also a large decrease in the variability of stepping 

location for the animal as it progressed through the decreasing width seen in the ladder 

(Beloozerova et al., 2010). This data shows that the motor cortex has involvement in controlling 

accuracy of movement during difficult locomotor tasks. 

Purpose 
 

It is clear that key features of the walking pattern must be precisely controlled in order for 

locomotion to proceed successfully in a variety of conditions. However, it remains unclear the 

extent to which interlimb transfer is involved in locomotor adaptations. Previous studies of 

interlimb transfer of locomotor adaptations have generally been limited to select indices of 

performances as the measure of transfer. However, the determination of whether transfer 

occurred could critically depend on what specific movement parameter is being tracked. Also, 

studies to-date have not considered the possibility that interlimb transfer is dependent on limb 

dominance. Therefore, the overall objective of this project is to understand whether interlimb 

transfer of locomotor adaptation is asymmetrical and dependent on limb dominance. A precision 

locomotor task will be used whereby subjects will be instructed to aim each heel strike to a 
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virtual target (corresponding to a point on the treadmill). Locomotor adaptations will be induced 

by imposing a velocity-dependent resistance against the hip and knee movements. Subjects will 

walk unipedally, allowing us to test interlimb transfer of adaptations without interference from 

contralateral limb responses to the perturbation. The specific objectives of this research are to 

determine whether: 

1. Transfer from the D to the ND limb will result in a faster rate of adaptation in end point 

placement during locomotion. 

2. Transfer from the ND to the D limb will results in a faster rate of adaptation in the 

dynamic performance of the movement during locomotion. 

Hypothesis  

 

The main hypothesis of this study is that interlimb transfer of locomotor adaptations to a 

velocity-dependent resistive force will be asymmetrical and follow the predictions of the 

dynamic dominance hypothesis. Specifically, it is expected that: 

1. Training of the dominant leg to a velocity-dependent resistance during unipedal walking 

will result in faster adaptation rate of end-point position when the non-dominant leg is 

subsequently tested. 

2. Training of the non-dominant leg to a velocity-dependent resistance during unipedal 

walking will result in a faster adaptation rate of movement trajectory when the dominant 

leg is subsequently tested. 
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3. During subsequent exposures to a velocity-dependent resistance following an initial 

training trial, the adaptation rate will be faster for both end-point position and movement 

trajectory within the same leg during unipedal walking. 

4. There will be no difference in the adaptation rates between the dominant and non-

dominant leg group for either end-point position or movement trajectory during the 

initial training trials to a velocity-dependent resistance force field 
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Methods 

Participants 

 

Twenty healthy subjects (male and female, ages 18-40) were recruited for this study. 

Recruitment took place at the University of British Columbia. All participants were free of any 

known neurological or motor disabilities. All subjects were both right-handed and right leg 

dominant.  Hand dominance was determined using the 10-item version of the Edinburgh 

inventory (Oldfield, 1971), while leg dominance was determined using the Waterloo Footedness 

questionnaire (Elias et al., 1998). Participants were excluded if they had previously participated 

in activities where asymmetrical limb training was involved (i.e., soccer). All participants signed 

an informed, written consent in accordance with the University of British Columbia (UBC) 

ethics committee. 

Lokomat 

 

The lower limbs were measured to ensure proper fit within the Lokomat robotic gait 

orthosis (Hocoma AG, Volketswil Switzerland). The Lokomat system incorporates a body 

weight support system that suspends the participant over a treadmill and a pair of robotic limbs 

attached to the legs. The subject is attached to the robotic limbs with thick Velcro cuffs around 

the upper thigh, upper shank and lower shank. The Lokomat allows for movement hip and knee 

flexion and extension, while the ankle is free to move unimpeded.  

The Lokomat was programmed to apply the velocity dependent resistance to movement defined 

by:  
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Where M is the instantaneous amount of torque applied, B is the viscous (or resistive force) 

coefficient, and  is the instantaneous angular velocity of the hip (H) and knee (K) joints (Lam et 

al, 2006). When B is set to zero, no force is applied to the limbs (null field). B values used to 

apply velocity dependent force was based on 10% of the subject’s hip and knee flexor maximum 

voluntary contraction (MVC) and average joint angular velocity during baseline bipedal walking. 

Hip and knee flexor MVC were measured by the force sensors embedded in the Lokomat 

(Bolliger et al., 2008). Three successive contractions were averaged to determine a value in Nm. 

Average hip and knee joint angular velocity during swing were measured from a period of 

baseline bipedal walking in the null field  

Protocol 

 

Subjects visited the lab on two separate occasions. The first visit was a familiarization 

visit during which subjects practiced bipedal walking with the Lokomat in the null field. In 

addition, MVC were measured during this visit. Participants were asked to walk at 3 km/h (0.83 

m/s). If they were unable to walk at this speed with the Lokomat, they were excluded from the 

study. Once the subject was comfortable with moving in the robot, baseline recording of hip and 

knee joint kinematics during walking was recorded for subsequent B value calculations for the 

velocity dependent resistance.  
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Subject Gender Age Height 

(cm) 

Weight 

(kg) 

Footedness 

Score 

Handedness 

Score 

R to L transfer group 

1 F 29 168 54 10 84.62 

2 F 24 178 71 6 85.71 

3 M 23 172 79 5 100 

4 M 26 164 92 9 70 

5 F 18 150 65 15 100 

6 F 19 160 45 14 81.82 

7 M 24 180 65 4 100 

8 M 20 180 74 15 80 

9 M 25 178 78 12 87.5 

10 F 19 140 55 12 87.5 

 Mean 

(SD) 

22.7 

(3.59) 

167 

(13.67) 

67.8 

(13.96) 

10.2 

(4.1) 

87.71 

(9.86) 

L to R transfer group 

1 M 29 167 95 8 100 

2 M 26 181 64 15 100 

3 M 31 183 70 18 76.47 

4 M 18 174 65 8 100 

5 M 18 173 65 12 68.42 

6 F 23 178 68 9 88.24 

7 F 23 168 68 8 80 

8 F 19 155 51 17 87.5 

9 F 20 164 57 9 86.67 

10 F 18 160 50 14 76.47 

 Mean 

(SD) 

22.5 

(4.79) 

170.3 

(9.14) 

65.3 

(12.6) 

11.8 

(3.94) 

86.36 

(11.16) 
Table 1 - Subject demographics 

During the second laboratory visit, subjects underwent the experimental protocol. 

Unipedal walking was used to isolate training as much as possible to one limb. A pedestal was 

built to hold the foot a minimal distance above the moving treadmill belt so that subjects could 

stand on one leg and step with the other. The pedestal attached to the side of the Lokomat and 

used a counter weight to ensure the platform did not touch the treadmill. During all unipedal 

walking trials, subjects were asked to perform a targeted walking task and received feedback 
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about foot position at heel strike. The task was used to simulate walking in a target oriented 

situation that requires accurate foot placement, such as when crossing a river by stepping on 

stones. 

 

Figure 1- Foot pedestal 

Foot pedestal to facilitate unipedal walking. a) top view, b) side view, c) front view to show height off of treadmill 

 An Optotrak smart marker was placed on the side of the treadmill for use as a reference 

point. During the baseline bipedal recording, an offset value was found in both the X and Y 

coordinates to allow for the virtual movement of the target during testing. To determine the 

offset values, subjects were asked to walk normally and the position of their foot at heel strike in 

reference to the physical placement of the reference marker was used as offset values.  

 Participants monitored their performance during the task via a 46-inch TV monitor at eye 

level, 3.35 meters in front of them. The output seen by the participants was similar to a ladder, 

with the middle line representing the target and subsequent lines above and below the target line 

appearing in 5cm intervals. The custom written Labview program used the data from force 

sensitive resistors (FSR) placed in the shoe to determine the instant that heel strike occurs during 

walking. The moment threshold was passed the placement of the foot was displayed.  The 

a) 

c) 

b) 
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subject was instructed that the goal of the task was to ensure that the heel lands on the target line 

in the anterior/posterior direction during each step. The heel placement was displayed for 750 ms 

after each step. The system was customizable to allow for differing stride lengths of subjects and 

created a task specific to each participant. Participants were verbally reminded throughout the 

testing that their goal was to place their heel onto the target line.  

 

Figure 2 - Visual feedback provided to subjects.  

The target was represented by the white line. The red lines correspond to 5 cm increments behind (below the white 

line) or beyond (above the white line) the target. Actual heel position was represented by a green 

Subjects were randomly allocated to two separate training groups, right to left transfer 

group (RL group) or left to right transfer group (LR group). The limb that received the 

training was defined as the trained leg, and the opposite leg was defined as the test leg. A total of 

400 steps were performed against resistance for the trained limb and 200 steps against resistance 

were performed for the test limb. Baseline recordings were made for bipedal walking, and 

unipedal walking for both the trained leg and test leg. Subjects then performed 200 steps against 

resistance to the trained leg (Resist1). This was followed by a washout period where the trained 

leg performed unipedal walking without resistance (Washout). A second period of training then 

took place consisting of 200 steps against resistance (Resist2). This was immediately followed 

by the test trial, where the opposite leg walked unipedally against resistance (Transfer). A catch 
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trial, where resistance is removed for a single step, was used to help determine adaptation and 

was used after the first step against resistance (second step of the trial) and again at the 180th 

step of the trial.  

 

 

 

 

Data analysis 

 

 The primary parameters used to determine transfer between the limbs was heel end point 

error and initial foot trajectory slope during swing phase. End point error was measured in the 

anterior-posterior direction and calculated as the distance between the target position and the 

actual heel position at foot contact during each step. Positive differences represented landing past 

the target, while a negative difference represented landing short of the target. The difference 

found was then converted to a percentage which corresponds to the change in stride length from 

baseline bipedal walking. A difference score of 0% meant that stride length during unipedal 

walking was the same length as the average stride length during bipedal walking. Foot trajectory 

slope was calculated over the period of the gait cycle starting at toe off and lasting in duration 

equivalent to 5% of the gait cycle. Slope values were normalized to the average foot trajectory 

Baseline 

Bipedal 

50steps 

Baseline 

Unipedal 

50steps 

(Test leg) 

Baseline 

Unipedal 

50steps 

(Train 

leg) 

Resist1 

200steps 

Washout 

200steps 

Resist 2 

200steps 

Transfer 

200steps 

Washout 

200steps 

Pre-Test Train Leg Test Leg 

Feedback task, with resistance 

Feedback task, no resistance

No feedback, no resistance 

Figure 3 - Outline of the protocol 

Outline of the protocol used during the data collection session. Catch trials were spaced during the Resist 1, Resist 2 

and Transfer trials at the 2nd step and the 180th step during the trial. 
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slope during baseline bipedal walking and multiplied by 100. A score of 100% meant the slope 

found was the same as the one during bipedal walking.  

The time course of adaptation was calculated for each subject for all measured variables. 

Adaptation was described by fitting the data with the exponential function, y = a + b * exp
-x/τ

, 

where a represents the offset, b is the gain, and τ is the time constant of adaptation, representing 

the number of steps it would take to obtain 63.2% of total adaptation (Lam et al., 2006). 

Adaptation was defined as being complete at 95% steady state, which was calculated by 

rounding up the value defined by –τ * ln (0.05) (Lam et al., 2006).  In instances where the data 

was best fit with a linear equation (suggesting the rate of adaptation was beyond the trial length), 

we assigned a value of 200 to represent the number of steps needed for adaptation (the maximum 

number of steps in the trial).  

 Secondary measures included changes in temporal gait parameters, hip and knee joint 

angles, and EMG activity at key points in the step cycle. We used this data to understand how 

changes in task performance are associated with changes in kinematic and EMG activation 

patterns during adaptation, and the time course of these adaptations. EMG activity was 

normalized to peak amplitude during baseline bipedal walking. Time periods of interest based on 

expected periods of activity change were chosen for each muscle and the average activation was 

calculated for a step by step comparison. Period of interest for the tibialis anterior (TA) was 50 to 

90% of the gait cycle, 50 to 60% of the gait cycle was chosen for both soleus (SOL) and medial 

gastrocnemius (MG), 60 to 100% of the gait cycle for rectus femoris (RF) and finally 50 to 70% 

of the gait cycle for bicep femoris (BF). The hip and knee flexion angles were normalized to 

peak flexion angle during baseline bipedal walking. The change in peak angle was normalized 

for each participant to be used for step by step comparison. Stride length, defined by the length 
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between toe off and the subsequent heel strike of the same leg, was also used to understand the 

pattern of adaptation. This data was used to understand what strategies are used to enable the 

adaptation in the trained leg and the transfer of adaptation to the test leg. 

Statistics 

 

 All statistical analyses were performed with a commercially available software package 

(SPSS 12.0; SPSS Inc., Chicago, IL). Significance was assessed at 0.05 for all statistical 

evaluations. Descriptive statistics were calculated for age, weight, height, Waterloo Footedness 

Questionnaire score and Edinburgh Handedness Questionnaire score.  

 A 2 (group) x 3 (trial) repeated measures ANOVA was used to compare adaptation rates 

among the Resist1, Resist2, and Transfer trials between the two groups for end point error, initial 

foot trajectory slope, EMG amplitude and the kinematic. 
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Results 

Unipedal vs. bipedal walking 

 

 We used unipedal locomotion in order to isolate adaptation to a single leg. A comparison 

of the EMG activity and joint kinematics between bipedal and unipedal walking is shown in  

Fig 4. Muscle activation patterns were largely similar, except in the BF where there was greater 

activation during the stance phase of unipedal walking compared to bipedal walking. However, 

the activation patterns in all the other muscles were largely comparable between bipedal and 

unipedal walking although there tended to be greater variability during unipedal walking. Hip 

and knee joint trajectories were also similar between bipedal and unipedal walking.  
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Figure 4 - Bipedal vs. unipedal walking 

Average group EMG and kinematic patterns for all subjects in the LR group. The Bipedal walking is diagrammed 

in the grey lines (average, +/- standard deviation). The unipedal walkng is diagrammed in the black lines (average, 

+/- standard deviation).  All EMG plots are in uV and kinematic plots are in degrees. Steps were triggered off of hip 

angle, with peak hip flexion corresponding with heel strike and peak hip extension corresponding with toe off. Data 

has been normalized to 100% of the gait cycle. 
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 Figure 5 illustrates the average step by step change in peak hip and knee flexion during 

the baseline unipedal trials. Adaptation rates in both legs in both groups ranged from 12 to 30 

steps (Table 2), which meant that subjects would have required 36 to 90 steps to reach 95% of 

steady state during baseline unipedal walking. 

 

Figure 5 – Step by step change in peak hip and knee flexion during unipedal walking 

Average step by step change in peak hip and knee flexion angles when normalized to baseline bipedal movement. 

The grey line represents peak joint angle that would be the same as that seen during bipedal walking. 

 

 

 Left Leg Right Leg 

HIP   

R L 30.32 (19.77) 

 

23.28 (23.54) 

 

L  R 12.47 (16.10) 

 

29.10 (21.73) 

 

KNEE   

R L 19.34 (17.09) 

 

15.35 (18.99) 

 

L  R 21.61 (20.60) 20.26 (21.17) 

 

STRIDE LENGTH   

R  L 

 

22.37 (23.96) 

 

25.18 (22.08) 

 

L  R 

 

22.70 (21.12) 

 

23.56 (19.71) 

 

Table 2 – Adaptation rates during baseline unipedal walking 

Adaptation in the hip and knee flexion and stride length during baseline unipedal walking for both legsThe average 

adaptations rates (representing the number of steps required to reach 63.2% of steady state) across all subjects in 

each group are presented. Values in parentheses represent the standard deviation. 
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Task performance – end point error 

 

Figure 6 illustrates the average step by step change in end point error during Resist 1, 

Resist 2, and Transfer trials.  Resistance resulted in an overall end point error magnitude of about 

2% of baseline step length in all trials except the Transfer trial in the RL group, where the 

overall error magnitude was -1% of baseline step length. In the RL group, the 63.2% steady 

state adaptation rate was 18 steps in Resist1, 35 steps in Resist2 and 18 steps in the Transfer trial. 

In the LR group, the 63.2% steady state adaptation rate was 30 steps in Resist1, 19 steps in 

Resist2 and 31 steps in the Transfer trial. There was no main effect for group (F(1,18) = 0.094, p 

= 0.763) when comparing the RL group to the LR group. There was no significant main 

effect across the trials for end point placement (F(2,36) = 0.042, p = 0.959), nor any interaction 

effects between group and trial (F(2,36) = 0.920, p = 0.408).  
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Figure 6 - End point error from target 

Average group step by step displacement from the target position, expressed as a percentage of baseline bipedal 

stride length. The difference from heel contact placement from the target position in the anterior/posterior plane was 

calculated, and then normalized to the percent change in stride length. Average percent change and +/- standard 

deviation are represented as solid lines on plots. 

 

Task performance – initial foot trajectory slope 

 

Figure 7 illustrates the step by step change in initial foot trajectory slope during Resist1, 

Resist2, and Transfer trials. The magnitude of the change in initial trajectory slope was variable 

between groups. The RL group average initial trajectory slope was over 100% compared to 

baseline bipedal walking, or nearly equal to that slope. In the LR group, the average slope 

during the Resist1 and Transfer trials was 130%, meaning the initial foot trajectory slope was 

30% steeper during unipedal walking compared during bipedal walking. In the RL group, the 

63.2% steady state adaptation rate was 65 steps in Resist1, 12 steps in Resist2 and 53 steps in the 
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Transfer trial. In the LR group, the 63.2% steady state adaptation rate was 80 steps in Resist1, 

87 steps in Resist2 and 62 steps in the Transfer trial. There was no main effect for group (F(1,18) 

= 2.903, p =0.106) when comparing the RL group to the LR group. There was no significant 

main effect across the trials for slope (F(2,36) = 0.481, p = 0.622), nor any interaction effects 

between group and trial (F(2,36) = 1.1817, p = 0.317).  

 

Figure 7 - Slope change from baseline bipedal 

Average group step by step change in initial foot trajectory slope, expressed as a percentage of baseline bipedal 

slope. The change in slope during the initial swing phase, corresponding with 5% of the gait cycle, was normalized 

to the percent change when compared to baseline bipedal. Average percent change and +/- standard deviation are 

represented by solid lines on each plot. 
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 RESIST 1 RESIST 2 TRANSFER 

END POINT 

ERROR 

   

R L 17.59 (18.84) 

 

34.22 (54.90) 

 

17.22 (23.49) 

 

L  R 

 

29.18 (28.33) 

 

19.00 (21.71) 

 

30.68 (61.89) 

 

INITIAL SLOPE    

R L 64.25 (93.86) 

 

11.70 (18.37) 

 

52.63 (73.07) 

 

L  R 

 

79.90 (83.67) 

 

86.74 (86.70) 

 

61.09 (69.24) 

 

Table 3 – Adaptation rates for end point error and initial trajectory slope 

The average adaptations rates in end point error and initial trajectory slope (representing the number of steps 

required to reach 63.2% of steady state) across all subjects in each group are presented. Values in parentheses 

represent the standard deviation. 
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Adaptation to resistance 

 

Figure 8 - EMG response to resistance 

Average group EMG response seen in TA, SOL, MG and RF for both RL and LR groups. The black trace 

represents the average EMG trace for the last 20 steps of the corresponding trial, while the light grey trace shows the 

average EMG trace during the baseline unipedal trial for the same leg seen used during the transfer trial.  In the 

RL group, the Resist1 and Resist2 trials are performed with the right leg and the Transfer trial is performed with 

the left leg. The opposite is true for the LR group. All EMG data is plotted in normalized units. 
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Figure 9 - EMG and kinematic response to resistance 

Average group EMG trace for BF and kinematic response seen in the hip and knee for both RL and LR groups. 

The black trace represents the average joint angle trace for the last 20 steps of the corresponding trial, while the light 

grey trace shows the average joint angle trace during the baseline unipedal trial.  In the RL group, the Resist1 and 

Resist2 trials are performed with the right leg and the Transfer trial is performed with the left leg. The opposite is 

true for the LR group. All EMG data is plotted in normalized units and all kinematic data is plotted in degrees. 

 

The response to resistance during unipedal walking was primarily characterized by a 

change in hip and knee joint kinematics and EMG activity patterns during swing phase. Figures 

8A and 8B show the response to resistance during the unipedal walking trials. RF activity 

showed an increase throughout the trials against resistance. There was an increase in the activity 

seen when comparing the last 20 steps against resistance to the baseline activity seen in the RF. 
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There was a decrease in MG activity when comparing the baseline activity to the last 20 steps 

against resistance. There was an increase in BF activity when comparing baseline activity to the 

last 20 steps against resistance. There was a change in TA activity timing, which can be seen 

when comparing the last 20 steps against resistance to baseline activity. There was no visible 

change in SOL activity between baseline and the last 20 steps against resistance.  

Peak knee joint angle decreases in response to the resistance applied during the 

perturbation trials. But there is a large decrease in the knee joint trajectory by the last 20 steps 

against resistance characterized by less extension during stance phase and a decrease in peak 

joint angle. The range of motion observed by the hip changes between baseline movement and 

the last 20 steps against resistance, characterized by an increase in hip extension with movement 

against resistance. 

Figure 9 illustrates examples of the step by step change in kinematics (peak knee flexion) 

and EMG activity (RF EMG amplitude) during the steps against resistance. The rate of 

adaptation to resistance was calculated for hip and knee flexion as well as EMG amplitude 

during swing for Resist1, Resist2 and the Transfer trial for comparison across trials (Table 4).  
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Figure 10 - Step by step change in Rectus Femoris activity and peak knee angle 

The plots above are step by step adaptation changes for averaged group data showing the change in EMG activity 

for RF and peak knee angle. Grey line represents normalized average for RF activity and peak knee angle during 

baseline unipedal walking. Data has been normalized to baseline bipedal activity and angle. Data is presented and a 

percent change from baseline, with a score 1 equal to activity/angle during baseline bipedal walking. 

 

 There were no significant differences for the main effects of group and trial and no 

interaction effect between group and trial in any of EMG amplitude or kinematic parameters, 

except for TA and SOL. For TA EMG amplitude, the adaptation rate in the RL group was 

significantly faster than that in the LR group (F(1,18) = 6.727, p = 0.018, Fig. 10A) but there 

were no differences across trials (F(2,36) = 0.964, p = 0.391) and no interaction effects (F(2,36) 

= 1.936, p = 0.159). For the SOL, the adaptation rate in the RL group was similarly faster than 

that in the LR group (F(1,18) = 4.787, p = 0.042, Fig. 10B), but there were no differences 

across trials (F(2,36) = 0.521, p = 0.598) and no interaction effects (F(2,36) = 0.307, p = 0.737). 
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Figure 11 - Group EMG adaptation rates 

The number of steps to reach 63.2% of steady state for EMG activity in the TA and SOL for RL group (grey 

diamond) and LR group (black diamond).  Statistical differences between group adaptation rates were found, with 

the RL group showing an increased rate of adaptation when compared to the LR group for both muscles. 
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 RESIST 1 RESIST 2 TRANSFER 

TA    

R L 

 

20.08 (34.22) 11.14 (11.60) 11.66 (15.17) 

L  R 

 

22.12 (19.58) 40.09 (50.37) 66.11 (79.09) 

SOL    

R L 

 

8.95 (8.51) 12.54 (16.59) 8.41 (7.67) 

L  R 

 

45.07 (73.72) 54.2 (80.74) 26.69 (61.98) 

MG    

R L 

 

22.20 (34.10) 23.53 (62.12) 43.22 (82.80) 

L  R 

 

51.54 (79.65) 11.98 (18.41) 31.01 (61.52) 

RF    

R L 

 

16.00 (14.54) 6.80 (4.96) 28.78 (60.88) 

L  R 

 

9.91 (7.974) 11.98 (18.41) 31.01 (61.52) 

BF    

R L 

 

29.39 (61.11) 16.33 (13.12) 32.41 (52.04) 

L  R 

 

60.14 (85.02) 28.86 (60.47) 41.78 (65.93) 

HIP    

R L 

 

21.71 (52.94) 7.31 (10.59) 26.86 (58.79) 

L  R 

 

13.89 (23.69) 31.35 (60.91) 65.32 (93.61) 

KNEE    

R L 

 

29.48 (35.90) 10.79 (11.34) 15.44 (13.18) 

L  R 

 

39.77 (57.91) 30.86 (32.47) 34.04 (61.11) 

STRIDE 

LENGTH 
   

R  L 

 

78.63 (86.04) 40.38 (58.39) 81.72 (87.47) 

L  R 49.38 (60.60) 51.41 (57.66) 108.76 (82.97) 

 

Table 4 - Average adaptation rates for descriptive measures 

Average number of steps required to reach 63.2% of steady state in each of the EMG and kinematic variables. 

Values in parentheses represent standard deviation. 

 

 

 

 



44 
 

Discussion 

In this study, we examined whether adaptations to Lokomat-applied resistance in one leg 

transferred to the opposite leg. Interlimb transfer was evaluated in accordance with the concepts 

put forth by the dynamic dominance hypothesis, which postulates that transfer of learning occurs 

asymmetrically depending on limb dominance. Information about end point position is 

preferentially coded by the non-dominant limb while information about movement trajectory 

preferentially transfers to the dominant limb. Here we tested the predictions of the dynamic 

dominance hypothesis during a locomotor task. Subjects performed a heel targeting task, which 

required them to heel strike on a target location with each step. The distance from the target at 

heel strike and the initial foot trajectory slope at the beginning of swing were used to track 

adaptation and transfer. Adaptation to resistance was evidenced by changes in EMG activity and 

kinematic patterns in the lower limbs. However, there were no significant differences in the 

adaptation rates of end point error and foot trajectory slope between the RL and LR group 

and there was also no evidence of transfer of EMG or kinematic adaptations to resistance. These 

results suggest that transfer did not occur from the trained leg to the untrained leg in either the 

RL or LR directions.  

Methodological considerations   

 

We used a unipedal walking paradigm in order to better isolate and test adaptations in 

one leg at a time. There was no evidence of transfer in our experiment, which raises the question 

as to whether a unipedal walking paradigm was appropriate to assess interlimb transfer during 

locomotion. However, previous research has shown that when a resistance is applied unilaterally 

during bipedal walking, the opposite leg also shows altered kinematic patterns and EMG activity 

that persisted even after the resistance was removed (Savin et al., 2010). We therefore chose to 
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use a unipedal walking paradigm because this evidence of adaptation in the non-resisted leg 

could have been a potential confounding factor when evaluating interlimb transfer during 

locomotion. 

We did observe some differences in EMG activity patterns between unipedal and bipedal 

walking. Most notably, BF activity during unipedal walking was much larger than that during 

bipedal walking, especially during stance. This is likely due to an increased demand to extend 

the hip during unipedal walking. The platform used to create the unipedal paradigm raised the 

stationary leg slightly higher off the treadmill compared to the moving leg. This could require the 

BF to recruit a greater number of muscle fibers in order to aid in hip extension to successfully 

propel the body forward during unipedal walking (Silverman et al., 2008). There was also 

decreased activation in MG during stance phase, which would have reduced the propulsion from 

the plantarflexors and added to the demand on BF to initiate swing. However, even though there 

were changes in activity, there was no discernible difference in hip or knee kinematic patterns 

between unipedal and bipedal walking. 

Source estimation model of learning and the dynamic dominance hypothesis 

 

Understanding how movements can generalize across environments, tasks, and limbs is 

often considered within the framework of internal models (Bhatt and Pai, 2009; Morton et al., 

2001; Wang and Sainburg, 2002; Stockel and Wang, 2011; van Hedel et al., 2002; Alexander et 

al., 2012; Lam and Dietz, 2004).  This framework uses the assumption that updates to a 

perturbation occur in mutually exclusive intrinsic or extrinsic frames of reference (Berniker and 

Kording, 2008). This idea of adaptation may not be entirely correct, however, because there are 

both internal and external forces placed on the body during all movements. The source 

estimation model uses the same general principles as the internal model framework, except that it 
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postulates that the central nervous system not only estimates the required corrections, but also 

takes into account the source of errors and weights the amount of error accordingly (Berniker 

and Kording, 2008; Berniker and Kording, 2011). This model helps to explain generalization 

through the idea that errors attributed to the world would generalize better to other contexts 

whereas error attributed to limb properties are independent of the specific movement apparatus 

(Berniker and Kording, 2008). If the source of the error is estimated to originate from the 

environment, then generalization should occur across limbs as the motor commands are updated 

to account for environmental factors (Berniker and Kording., 2008). One possibility in our 

experimental paradigm is that movement errors created by walking while placed in the Lokomat 

were associated with an internal source of error. Since the legs of the robot fit to each individual, 

the potential for the error to have a greater weighting to the internal portion of movement are 

maximized. The custom fit could have biased the CNS to associate the resistance occurring from 

an internal source, and not the environment which movement is occurring in. Considering that 

the nervous system weights the sources of error, the source-estimation model may help explain 

why there was no evidence of transfer like that postulated in the dynamic dominance hypothesis. 

Consolidation of motor adaptations 

 

The CNS can be considered in a hierarchy, with learning and control at the top, 

adaptation and modification of movement in the middle, and the lowest level involving spinal 

control and reflexive modifications to movement (Huang and Krakauer, 2009; Kahle, 2005). 

Thus, there are multiple pathways and limb configurations that can be used to complete a task. 

Adaptation can become a hindrance to learning when there is an inability to reach the highest 

levels of the CNS hierarchy, therefore limiting the learning of the new movement and 

generalization to new environments (Huang and Krakauer, 2009). For learning (and therefore 
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generalization) to occur, modification of the motor output must occur at the highest level of that 

skill, which requires extensive practice (Kahle, 2005; Huang and Krakauer, 2009). 

Consolidation of a motor memory requires sufficient practice on an initial exposure to be 

resistant to interference. The consolidation of anticipatory models creates the presence of 

savings, or a faster rate of adaptation found in a subsequent exposure or after transfer (Krakauer 

and Shadmehr, 2006). Malone et al., (2011) found that constant practice in adaptation/washout 

split belt treadmill practice paradigm resulted in retention of the adapted walking that was 

present even the next day. Subjects were also perturbed with opposite belt speeds on the second 

day and were found to adapt at a faster rate to the previous day walking pattern (Malone et al., 

2011).  Consolidation of the motor output from the previous day led to a robust motor program 

that was resilient when perturbed and gives evidence to the use of sufficient practice. Our results 

show no evidence for savings when testing the trained leg for two separate bouts against 

resistance. The lack of consolidation could have resulted from the lack of practice in a null 

environment for unipedal walking. In our experiment, subjects had 50 steps of practice in 

unipedal walking for each leg, which may not have been enough practice to enable longer lasting 

changes during the baseline unipedal walking. Indeed, the kinematic adaptation rates calculated 

during unipedal walking in the null environment show that subjects did not reach a 95% steady 

state of adaptation in the amount of time provided for practice. Thus, it is possible that there was 

not enough practice in the unipedal walking environment to reach the highest levels of the CNS, 

and that unipedal walking in the Lokomat was not consolidated. 

There is data supporting the idea that adaptation could be found within the cerebellum, 

which could be thought of as the middle of the CNS hierarchy (Bastian, 2008; Reisman et al., 

2005; Jayaram et al., 2011; Jayaram et al., 2012) while retention of adapted programs could be 
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found in the primary motor cortex (M1), which could be thought of as the highest level of the 

CNS hierarchy (Jayaram et al., 2011; Galea et al., 2011; Riek et al., 2012; Krakauer and 

Shadmehr, 2006). When there is sufficient practice, the updated motor program is transferred, 

where it can be retained and retrieved for future use (Shadmehr and Brashers-krug, 1997; Galea 

et al., 2011). In our experiment, we may have perturbed the movement (added resistance) prior to 

the underlying motor command (unipedal walking with the Lokomat) becoming consolidated 

within the CNS, as evidenced by the adaptation rates calculated during the baseline unipedal 

walking trials. Although we may consider that unipedal walking is an inherent component of 

locomotor circuitry (Choi and Bastian, 2007), recent evidence suggests that walking in the 

Lokomat “null” environment still requires an update to the motor program to adjust to the inertial 

properties of the robotic legs (Zabukovec et al., 2013). The lack of transfer we observed here 

could have been a result of insufficient amount of practice to allow for savings of the updated 

motor output for both bipedal and unipedal walking. This potentially resulted in a motor output 

that was constantly changing to accommodate the environmental changes without a prior model 

(baseline unipedal walking) that had been stabilized for walking with the Lokomat. This could 

result in abnormally long adaptation periods to reach a steady state or never truly updating a 

motor command to compensate for the perturbation. 

Where could transfer be occurring? 

 

The control and adaptation of locomotor patterns involves multiple levels of the CNS and 

there is evidence that different levels of the CNS have differing capacity for mediating interlimb 

transfer. Since transfer was not evident in our experiment, understanding how the different levels 

of the CNS interact is an important question. 
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The first level of the hierarchy is considered the CPG and spinal cord. Studies utilizing 

split-belt treadmill paradigm provide evidence that adaptive strategies likely mediated at the 

level of the spinal cord circuitry are stored independently and do not transfer. Choi and Bastian 

(2007) had subjects walk with one leg walking on a forward moving belt and the opposite leg 

walking on a backwards belt at different step rates between the legs. After effects showed that 

walking adaptations were stored independently and did not transfer across directions. There is 

also evidence for different control networks for slow and fast walking (Vasudevan and Bastian, 

2010). There has also been evidence showing that there is limited transfer of proprioceptive 

information at the level of the spinal cord between the hindlimbs in animal models (Lavrov et al., 

2008). This evidence support the idea that there would be limited transfer of adaptations between 

the lower limbs at this level of the CNS.  

The cerebellum and other mid-brain structures used in the adaptation of movement are 

considered to lie in the second level of the CNS hierarchy (Nowak et al., 2005; Nowak et al., 

2009). There is evidence that suggests that sensory information entering the cerebellum appears 

to generalize between upper limbs during reaching tasks (Nowak et al., 2005; Novak et al., 

2009). Since it is thought there are separate CPGs for control of each lower limb, it suggests that 

the cerebellum has separate projections from each hemisphere to the corresponding CPG 

(Reisman et al., 2005; Morton and Bastian, 2006). The evidence for separate projections from the 

cerebellum come from the inability of cerebellar patients to adapt interlimb coordinated portions 

of locomotion, which include step length, percent of double support time and limb orientation 

during weight transfer, while walking on a split belt treadmill (Reisman et al., 2006; Morton and 

Bastian, 2006). This evidence points to the importance of the cerebellum in the transfer of 

adaptation between the limbs. 
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The motor cortex and other cortical structures are considered the highest level of the CNS 

hierarchy. There is evidence of transfer between the lower limbs when the experimental task 

directly involved conscious control for the completion of the movement (and therefore 

involvement of cortical structures) (van Hedel et al., 2002; Stockel and Wang, 2011). There is 

evidence for interlimb transfer during both continuous locomotor patterns (van Hedel et al., 

2002) and during discrete tasks involving the lower limbs (Stockel and Wang, 2011). The motor 

cortex has bilateral projections to the lower limbs through the corticospinal tract, which could 

potentially mediate the transfer of adaptation between the lower limbs. This evidence supports 

the importance of cortical areas in the interlimb transfer of adapted movements.  

In our experiment, it appears that there was adaptation to the resistance placed on the 

lower limbs as evidenced by the progressive changes in RF activity and peak knee flexion angle 

during the resistance trials. We also assume access to the highest level of the CNS through the 

use of the targeting task. However, we found no evidence of interlimb transfer here. One 

possibility is that there was a weighting emphasizing the production of cyclic flexion/extension 

pattern through the CPG during locomotion. Priority on the maintenance of this cyclic pattern 

rather than the sharing of resources from higher centers in CNS hierarchy could have precluded 

interlimb transfer in this situation. Future studies should be designed to understand this 

possibility. Perhaps if the lower limbs are placed in a protocol involving a discrete reaching or 

pointing task in a perturbing environment (similar to those seen in the upper limbs) there would 

be a different result compared to the ones found during locomotion. The difference of transfer 

between a discrete and continuous motion in a perturbing environment could lead to a better 

understanding of the function of the CPG during lower leg movements. 
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Interlimb transfer during locomotion has only been shown in one study, where subjects 

had to learn to perform obstacle crossing with a specific foot height over the obstacle (van Hedel 

et al., 2002). A feature of this task was that it would have engaged higher levels of locomotor 

control. In other studies where no transfer was evident (Houldin et al., 2012; Choi and Bastian, 

2007), the adaptations may have been limited to the lower levels of the CNS hierarchy that could 

potentially not allow for transfer. For example, adaptations to split belt treadmills mainly require 

alterations in the phasing of interlimb coordination, which could mainly be mediated by spinal 

circuitry. In our experiment, the adaptations to the Lokomat’s inertial properties could also have 

been mediated mainly at the lower levels of the CNS, and therefore may have precluded 

interlimb transfer.  

Another consideration when comparing the results to the obstacle crossing study (van 

Hedel et al., 2002) vs. our studies and the split belt paradigm (Choi and Bastain, 2007) is that the 

obstacle crossing task did not require an adaptation to a new sensory environment, but rather 

focused on the production of an explicit motor control task. This could potentially shift emphasis 

away from the lower two levels of the motor control hierarchy and allow for greater focus on 

explicit optimization of the locomotor task (control of foot height), requiring cortical areas. In 

other experimental paradigms requiring adaptation to a sensory perturbation (i.e., forces applied 

to the limb, interlimb coordination), the emphasis may have been more heavily weighted towards 

processing at the lower levels of the motor control hierarchy (e.g., locomotor CPG circuitry). If 

the adaptive mechanisms to split belt treadmill walking and velocity-dependent forces are 

restricted to the lower levels of the CNS, then we may expect limited interlimb generalization of 

new sensory environments.  
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Awareness and generalization 

 

Awareness of the perturbation was thought to be an important factor when determining 

the presence of adaptation transfer between limbs. Malfait and Ostry (2004) found limited 

transfer between upper limbs in a reaching task when the perturbation was introduced gradually. 

Transfer was found when the perturbation was introduced abruptly, with the thought that 

conscious awareness of the perturbation allowed for the transfer (Malfait and Ostry, 2004). There 

is evidence in the literature suggesting that conscious thought is not needed for transfer, and 

there is no difference between gradual and abrupt introductions of a perturbation when assessing 

transfer (Wang et al., 2011, Saijo and Gomi, 2010; Taylor et al., 2011). Wang et al., (2011) used 

a visuo-motor rotation to perturb a reaching movement to a target. It was found there was no 

difference in the adaptation rates of the second limb when the exposure to the rotation was 

different between the abrupt, gradual and informed rotation groups. There is also evidence 

suggesting that declarative knowledge of the perturbation does not predict an increase in transfer 

and potentially predicts a strategic control to counteract the perturbation rather than a 

recalibration of the model for movement (Werner and Bock, 2007). This evidence suggests that 

the conscious knowledge of the performance may not be required to the extent used during our 

experiment. Subjects were given knowledge of their performance after each step, which may 

have interfered with the robust consolidation of an updated motor command for movement 

during the perturbation. With less frequent knowledge of performance subjects may have 

produced a more robust adapted pattern that would allow for access during transfer. 
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Conclusions 

 

The results of this study indicate that there is no interlimb transfer of locomotor 

adaptations to a velocity-dependent force field. Although other studies have shown 

generalization between tasks and environment in the lower limbs, there appears to be limited 

transfer of motor adaptations between the legs during walking. It is possible that we did not 

observe transfer because the baseline motor pattern for unipedal walking with the Lokomat was 

not completely consolidated. Another possibility for the lack of transfer could be from the 

rhythmic activity produced by the CPG, which could have precluded interlimb transfer mediated 

by higher levels of the CNS. It is possible that interlimb transfer is limited to adaptations 

emphasizing the highest levels of the motor control hierarchy, as exemplified by studies that 

have used discrete, goal-directed movements. Future studies should be designed to address these 

issues in order to understand the features driving interlimb transfer of adaptations.  
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