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Chapter 1: General Introduction

Locomotor adaptation has been defined as an error-driven motor learning process to adjust spatio-temporal
elements of walking in response to changes in environments. Split-belt treadmill with two belts, each driven
by an independent motor, has been used to investigate locomotor adaptation. This treadmill can impose a
novel walking environment (a split-belt condition in which one belt speed is set faster than the other). Hence,
the split-belt treadmill is useful to understand the process of adaptation to the novel walking environment
(split-belt condition) and de-adaptation to a normal walking environment (a tied-belt condition in which both
belt speeds are the same). Split-belt locomotor adaptation is characterized by two adaptive processes; the first
is a predictive feedforward adaptation and the second is a reactive feedback adjustment. Predictive
feedforward adaptation is an update of an internal model through trial-and-error practice in the brain and is
characterized by gradual changes in walking movements in the split-belt condition and the occurrence of an
aftereffect when an imposed perturbation (split-belt condition) is removed. Conversely, reactive feedback
adjustment is a rapid adjustment of movements based on the afferent feedback information. Unlike predictive
feedforward adaptation, slow adjustments of walking movements and an aftereffect are not observed in the
reactive feedback adjustment.

To date, various neural structures have been reported to contribute to split-belt locomotor adaptation.
Specifically, the supraspinal structures (cerebellum and cerebrum) and the spinal cord have been suggested to
be involved in the control of the predictive feedforward adaptation and reactive feedback adjustment,
respectively.

However, previous findings on neural control in split-belt locomotor adaptation have not provided
sufficient knowledge about neural control in the course of split-belt locomotor adaptation. In particular, our
understanding of how the central nervous system (CNS) controls muscle activities during split-belt locomotor
adaptation is limited. Therefore, the purpose of this thesis was to clarify neuromuscular control during split-
belt locomotor adaptation. Specifically, Study 1 and Study 2 aimed to reveal neuromuscular control in
individual muscle and multiple muscles, respectively. To achieve each goal, Study 1 focused on
electromyography (EMG)-EMG coherence that may reflect corticospinal drive from the primary motor cortex
to the spinal motoneurons and Study 2 focused on muscle synergy that may reflect neural module recruited
to control multiple muscles.

Chapter 2: Study 1

(Time-series changes in intramuscular coherence associated with split-belt treadmill adaptation in
humans)

EMG-EMG coherence between approximately 10 and 60 Hz (beta and gamma bands) has been thought to
reflect the descending drive to the spinal motoneurons through the corticospinal tract. Hence, the time-series
changes in EMG-EMG (intramuscular) coherence in the tibialis anterior (TA) muscle during and after split-

belt walking were investigated to reveal neuromuscular control in individual muscle during split-belt



locomotor adaptation in Study 1.

Twelve healthy young males walked on the split-belt treadmill. The paradigm was mainly
comprised of three periods, baseline (tied-belt condition), adaptation (split-belt condition with speed ratio of
1:2.5), and post-adaptation (tied-belt condition) periods. The legs on the slower and faster belts in the split-
belt condition were defined as slow leg and fast leg, respectively. Surface EMG signals during walking were
recorded from two parts of the TA muscle in each leg to calculate intramuscular coherence. The intramuscular
coherence was quantified by calculating the area under the coherence curve in each of the beta and gamma
bands.

The results showed that each area of intramuscular coherence in the beta and gamma bands in the
slow leg gradually decreased in the split-belt condition. Significant differences in the area were observed from
6 min compared to the first minute after the start of split-belt walking. Meanwhile, the area of intramuscular
coherence in both beta and gamma bands in the fast leg significantly increased just after the split-belt walking
compared with tied-belt walking before split-belt walking, and then immediately returned to the baseline level.

These results suggest that the descending drive from the primary motor cortex to the spinal
motoneurons of the TA muscle in the slow leg may be gradually reduced with adaptation to the split-belt
condition. On the other hand, when de-adapting from the newly adapted walking pattern to the normal
walking pattern, the descending drive to the TA muscle in the fast leg might strengthen temporarily and then
return to baseline level quickly. From the above, the flexible corticospinal control may be involved in split-
belt locomotor adaptation.

Chapter 3: Study 2

(Modulation of muscle synergies in lower-limb muscles associated with split-belt locomotor adaptation)
The CNS has been assumed to activate a few neural modules organized by some functionally related muscles
to control the activities of numerous muscles. Such neural modules may be represented as muscle synergies
that are inherent in the activities of multiple muscles (i.e., low-dimensional structures in EMG signals recorded
during physical movements). Muscle synergies are composed of muscle weightings and activation patterns.
In muscle synergies during walking, muscle weightings and activation patterns indicate muscle groups
activated together and activation timing in one gait cycle, respectively. Therefore, muscle synergy may be a
fundamental system to generate the coordinated activity of multiple muscles during walking. From the above,
changes in muscle synergies during and after split-belt walking were investigated to reveal how the CNS
controls multiple muscles during split-belt locomotor adaptation in Study 2.

Twelve healthy young males walked on a split-belt treadmill. The paradigm was almost the same
as that used in Study 1. The definition of the leg is the same as in Study 1. Surface EMG signals during
walking were recorded bilaterally from 13 lower-limb muscles. Muscle synergies were chronologically
extracted by applying non-negative matrix factorization to the EMG data of each leg (slow and fast legs).

The results showed that 1) the number of muscle synergies increased in the slow leg with adaptation
to the split-belt condition and in both legs with de-adaptation to the tied-belt condition after the split-belt
condition, 2) the extra muscle synergy temporarily appeared in the fast leg just after exposure to the split-belt
condition, and 3) the temporal activation patterns of a few specific muscle synergies were modulated with
adaptation and de-adaptation. The significant changes in the activation patterns occurred approximately 4 min
after exposure when adapting to the split-belt condition but were more rapid when de-adapting.

The results suggest that the CNS adjusts the number of muscle synergies with adaptation and de-
adaptation in the split-belt locomotor adaptation. Further, the appearance of a characteristic muscle synergy
Just after exposure to the split-belt condition may reflect how CNS deals with an unexperienced walking
environment. Additionally, the results that the changes in the activation patterns were observed in a few, but



not all, muscle synergies suggest that the CNS selectively fine-tunes patterns of recruitment of a few muscle
synergies in the process of adaptation and de-adaptation. Therefore, there is a possibility that flexible
neuromuscular adjustments through muscle synergies by the CNS are behind the split-belt locomotor
adaptation.

Chapters 4 and 5: General Discussion and Conclusion

This thesis aimed to investigate neuromuscular control during split-belt locomotor adaptation in humans.
Specifically, Study 1 showed flexible corticospinal control associated with adaptation and de-adaptation in
the split-belt paradigm using EMG-EMG coherence analysis. Meanwhile, Study 2 showed flexible
neuromuscular control through muscle synergies associated with adaptation and de-adaptation using muscle
synergy analysis. Comparing the two studies, the changes in the muscle synergies occurred earlier than
changes in intramuscular coherence in adaptation to the split-belt condition; however, changes in both
occurred rapidly in de-adaptation to the tied-belt condition following the split-belt condition. These findings
suggest that neuromuscular adjustments of the multiple muscles through muscle synergies occur relatively
quickly compared with those of the individual muscle through the corticospinal tract when adapting to the
novel walking environment, whereas the neuromuscular adjustments through the corticospinal tract and
neuromuscular control through muscle synergies are rapidly performed when de-adapting to a well-
experienced walking environment after learning new walking patterns. These neuromuscular adjustments are
not mutually exclusive, and both may play an important role to bring the split-belt locomotor adaptation. The
findings obtained from this thesis may be novel and meaningful in that they demonstrated neuromuscular
control in the course of split-belt locomotor adaptation.

The novel findings in this thesis expand our understanding of neural control underlying split-belt
locomotor adaptation in humans. The present findings may also motivate further studies investigating neural
control of split-belt locomotor adaptation. Specifically, studies incorporating neuroimaging and
neuromodulation techniques would be needed. In the future, knowledge accumulated on the split-belt
locomotor adaptation study is expected to contribute to walking rehabilitation and sports science.



