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Summary of thesis contents

It is estimated that over 5,130,000 people over the world each year are
attacked by stroke or spinal cord injury (SCI) which often lead to paralysis and
impairment of their daily living activities. Paralysis following stroke or SCI is mainly
attributed to the interruption of descending pathways from the motor centers to the
spinal motor neurons, although some neural circuits located above and below the
lesion sites would remain functional. An artificial neural connection (ANC) is a
promising closed-loop neural prosthesis which bridges the damaged neural pathways
by artificially reconnecting the preserved neural structures, thereby has a potential to
compensate for the functional impairment of their extremities. However, to achieve
the skilled control with ANC, subjects need to learn the causal relationship between
input and output signal of ANC. Recent studies have demonstrated that monkeys could
learn to use their cortical activity to control functional electrical stimulation of
muscles which were transiently paralyzed by nerve block. However, it remains unclear
whether individuals with damaged-brain after stroke have an essential adaptability to
control their paretic limb with a novel ANC. And if so, the neural mechanism
underlying such adaptation process to ANC is still unknown.

To answer this, first, in Part | of this thesis, | investigated the effects of
introducing an artificial cortico-muscular connection (ACMC) in a paretic monkey
that had a unilateral stroke at the corona radiata level, and examined whether monkeys
with extensive subcortical damage had an adequate adaptability to control ANC to
restore one-dimensional goal-directed movement. The ACMC detects the
arbitrary-discriminated high-gamma neural oscillations recorded from motor related
areas as the input signal, and converted in real-time to activity-contingent electrical
stimuli delivered to the paretic muscle as the output signal. As a result, I found that
although the corticofugal fibers and the striatum were extensively damaged,
adaptation to ACMC was rapidly induced by modulation of the input signal in the
arbitrarily-selected high-gamma frequency range for ACMC. The input signal was
selected from randomly-assigned single electrode in each session, however, the
monkeys were flexibly adapted to ACMC using signals from various electrodes placed
either in the premotor (PM), primary motor (M1), or primary sensory (S1) cortices.

Second, in Part Il of this thesis, for realization of application of ANC to
human with less invasive approach, | developed an artificial recurrent connection
(ARC) from muscle activity to peripheral nerve, and confirmed whether healthy
individuals also could be adapted to ARC. In this paradigm, the ulnar nerve was
stimulated in proportion to activation of the muscle homonymous or synergistic to
those innervated, which boosted the on-going activity of the homonymous muscle and
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wrist movement during the visually-guided reaching task around the wrist. As a result,
| found that participants also could rapidly get adapted to the ARC into the volitional
control of hand by decreasing the descending commands to homonymous muscle.
Adaptation process was depending upon the input muscle, the descending inputs to
synergist muscle was decreased in ARC with homonymous muscle whereas increased
in with synergist muscle, suggesting that the participants could utilize ARC by
learning input-output relationship of ARC triggered from controllable and readily
recorded muscle activity.

In both studies, the subjects could flexibly get adapted to control the
arbitrarily-assigned input signal of cortical activities in monkey with stroke (Part 1),
or the muscle activity in healthy individuals (Part Il). Previous studies of operant
conditioning of neural activity using biofeedback have shown that cells in PM, M1, or
S1 with no discernable relation to muscle activity could be volitionally modulated
after brief practice sessions. However, a big difference between previous studies and
current study was that my paradigm did not set operant conditioning task before ANC
session, which might have given the opportunity to learn to associate the input signal
with a computer cursor. This suggested that the monkeys with stroke as well as
healthy individuals had capacities to learn the causal link between arbitrarily-selected
input signal and output wrist movement thorough stimulation without associating the
input signal with a cursor in pre-operant conditioning task. Therefore, these results
could expand the possible range of picking up the controlling signals for brain
machine interfaces (BMIs) with wide clinical application.

In conclusion, these findings indicated that monkeys with stroke as well as
healthy subjects had an adequate adaptability to control the novel ANC by learning
causal input-output relationship of ANC, suggesting that ANC is a promising future
approach to restore the impaired motor function of paretic extremities in stroke or SCI
patients.
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