2020 2022

Development of a neuromodulation method for facilitation of corticospinal
plasticity

Development of a neuromodulation method for facilitation of corticospinal

plasticity
Milosevic, Matija
3,300,000
FES FES
FES rTMS
iTBS M1 FES
FES

tSCS

Our research findings elucidated the underlying mechanisms implemented through paired brain and FES
or tSCS. This can be used in neurorehabilitation practice to rapidly neuromodulate the central
nervous system excitability, which could improve motor function after neurological injuries.

We developed a method for paired activation of the brain and functional
electrical stimulation (FES) to elucidate the underlying mechanisms of upper limb motor recovery
using Hebbian learning. We first tested the brain-controlled FES system and demonstrated that FES
rapidly induced corticospinal excitability modulation. We then compared non-invasive brain
stimulation to activate the motor cortex (M1) with FES using repetitive transcranial magnetic
stimulation (rTMS) intermittent theta burst stimulation (iTBS) protocol. Our results showed that
paired activation of cortical circuits and FES is most effective in neuromodulation. We also
developed a novel technique to activate the spinal circuits which is called transcutaneous spinal
cord stimulation (tSCS).
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Upper-limb function impairment is one of the most devastating consequences of SCI, which is
accompanied by maladaptive reorganization within the central nervous system, including increased
spasticity, decreased corticospinal excitability, as well as displacement of cortical representations.
Functional electrical stimulation (FES) and transcutaneous spinal cord stimulation (tSCS) can be used
to artificially contract muscles by applying short electric impulses on the surface of the skin over the
muscle nerves. Ensuring temporal synchronization of motor tasks at the precise time when the users
attempt to perform movements in important for neuromodulation and neuroplasticity. Moreover, the
ability to effectively engage the spinal interneuronal networks is essential for inducing neuroplastic
changes. The nervous system’s ability to reorganize itself also requires precise temporal
synchronization of residual voluntary commands and successful execution of the intended task FES
or tSCS technologies. Such positive reinforcement, known as Hebbian learning. However, it is not
clear now FES and BCI-controlled FES affect the central nervous system excitability.

The objectives of this research project were to: (1) develop neuroprosthetic technology that can
activate upper-limb muscles through tSCS; and (3) test the feasibility of using brain and peripheral
circuits activation neuroprosthetic to examine how paired activation contributes to central nervous
system neuromodulation.

Based on these objectives, we developed a novel tSCS method for activation of dorsal root spinal
circuits and demonstrated that it can be effective in recruiting upper limb motor pools. We then also
developed a method for pairing cortical and spinal circuits using non-invasive brain stimulation
through intermittent theta burst stimulation (iTBS) and FES and brain-computer interface (BCI)
controlled upper limb FES and demonstrated their effectiveness in neuromodulation applications.

Related to the specific project objectives, the following achievements were realized:

(1) “Develop a nove tSCS method” — Transcutaneous spinal cord stimulation (tSCS) is an new
neuromodulation technique with significant potential for enhancing upper limb function following
incomplete spinal cord injury, stroke or brain injury. Our research findings have demonstrated that
cervical tSCS can effectively engage sensory pathways, leading to transsynaptic convergence on motor
pools responsible for upper limb muscles (de Freitas et al. 2022 [J1]). Additionally, we have
demonstrated substantial recruitment of cutaneous and proprioceptive fibers (de Freitas et al. 2022
[J2]), ong with the selective activation of motor pools for proximal or distal upper limb muscles (de
Freitas et al. 2021 [J10]), thereby facilitating improvements in grasping or reaching neuromotor
recovery. Gaining adeeper understanding of thesetargeted neura activationsiscrucial for maximizing
the potential of tSCS in promoting neuroplasticity.
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Figure 1: tSCS method for activation of the dorsal root sensory fibers through electrical stimulation
applied at the cervical spinal cord [J1 and J2].

(I “Neuromodulation using paired cortical and peripheral circuits” — We implemented and
tested a BCI-controlled FES system to prove the underlying mechanisms of associative stimulation
for recovery of upper-limb function. Notably, using the BCI-controlled FES system, we first
demonstrated that it could elicit rapid corticospinal excitability modulation of the stimulated muscles,
while random delivery of FES alone was not effective (see Suzuki et a. 2022 [J5]). For a summary,



also see Figure 2. We also compared an intervention using primary motor cortex (M1) BCI to control
FES to non-motor area BCI-controlled intervention. Our results demonstrated that M1-based BCI-
controlled FES intervention was superior to elicit corticospinal modulation (see Yamanouchi et al.
unpublished), likely by focusing motor cortical activations. Therefore, we developed a BClI-controlled
FES system and demonstrated that using this system can result in presynaptic cortical facilitation
followed by postsynaptic FES sensorimotor activation to elicit rapid corticospinal facilitation through
Hebbian learning. These findings are consistent with our results indicating that cortical facilitation
before FES is necessary to dlicit neural plasticity (see Cao et a. 2022 [J3]) which are shown in Figure
3. Finally, we proved that paired activation through iTBS and FES could be most effective means for
neuromodulation (see Cao et a. 2022 [J3] as shown in Fig 3 right side). A book chapter a textbook
titled Neurorehabilitation Technology edited by Dr. Volker Dietz (see Popovic, Masani and Milosevic,
2022 [B1]) and a review article (see Milosevic et a. 2020 [J14]) are published to summarize these
proposed neuromodulation mechanisms in neurorehabilitation applications.
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Figure 2: BCI-FES system intervention resulting in rapid corticospinal facilitation. See [J5].
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Figure 3: Cortical faciliatory priming (iTBS) followed by FES system intervention resulting in rapid
corticospinal facilitation (TOP). Cortical inhibitory priming (cTBS) followed by FES system
intervention resulting in rapid corticospinal facilitation (TOP). See [J3].
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