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研究成果の概要（和文）：我々は、ヘブ型学習を用いた上肢運動回復の基礎的なメカニズムを明らかにするため
に、脳制御型機能的電気刺激（FES）システムを開発した。まず、脳制御型FESシステムの実験を行い、FESが皮
質脊髄の興奮性変調を速やかに誘導することを示した。 次に、一次運動野（M1）を用いた脳制御型FESと運動前
野を用いたFESを比較した。その結果、M1を用いた介入は皮質脊髄の調節を誘発する上で優れていることが示さ
れた。以上のことから、閾値法と機械学習法を用いて85%以上の精度を持つ脳内FESシステムを開発し、テストを
行った。この結果は、脳制御FESが中枢神経系の興奮性を迅速に神経調節できることを示すものである。

研究成果の概要（英文）：We developed a brain-controlled functional electrical stimulation (FES) 
system 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 brain-controlled FES using primary motor 
cortex (M1) with FES using premotor cortex. Our results showed that the M1-based intervention was 
superior in eliciting corticospinal modulation. In summary, we developed a brain FES system with an 
accuracy of over 85% using threshold and machine learning methods and tested it. Our results 
demonstrate that brain control FES can rapidly neuromodulate the excitability of the central nervous
 system.

研究分野： neuroprosthetics

キーワード： brain-computer interface　neuroprosthetics　upper-limb　rehabilitation　neuroplasticity　neur
omodulation
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令和

研究成果の学術的意義や社会的意義
Our research findings elucidated the underlying mechanisms implemented through brain-controlled FES.
 This can be used in neurorehabilitation practice to rapidly neuromodulate the central nervous 
system excitability, which could improve motor function after neurological injuries.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
Declined upper-limb function 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) can be used to artificially contract muscles by applying short 
electric impulses on the surface of the skin over the muscle nerves. By sequencing the contractions 
temporally, it is possible to generate upper-limb movements (i.e., a neuroprosthesis for grasping). 
Brain-computer interface (BCI) can be used to detect descending motor commands to trigger FES and 
facilitate movement completion when individuals are unable to do so voluntarily. Importantly, this can 
also ensure temporal synchronization of motor tasks at the precise time when the users attempt to 
perform movements. 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 with help of BCI and FES technologies. Such positive reinforcement, known as Hebbian 
learning, can be realized using a BCI system. However, it is not clear now FES and BCI-controlled 
FES affect the central nervous system excitability. To this end, this project aimed to develop a BCI 
system for detection of hand wrist movement and a real-time system for BCI-FES. 
２．研究の目的 
The objectives of this research project were to: (1) develop a BCI system that can detect hand 
movements using non-invasive cortical (brain) signal recordings from human participants during 
motor imagery; (2) evaluate a neuroprosthetic technology that can activate upper-limb muscles 
through FES; and (3) test the feasibility of using BCI-controlled FES neuroprosthetic to examine how 
it can contribute to central nervous system neuromodulation. 
３．研究の方法 
Based on these objectives, we developed and tested a BCI-controlled FES system and demonstrated 
the underlying mechanisms for recovery of upper-limb motor function that can be elicited via Hebbian-
type neuroplasticity. Specifically, we first compared a BCI-controlled FES intervention and 
demonstrated that it can elicit rapid corticospinal excitability modulation of the stimulated muscles, 
while FES alone was ineffective. We then compared primary motor cortex (M1) BCI-controlled FES 
to that when premotor cortical areas were used for BCI operation. Our results demonstrated that M1-
based BCI-controlled FES intervention was superior to elicit corticospinal modulation. In summary, a 
BCI-FES system with an accuracy of ~85% was developed and tested both offline and in real-time 
operation using threshold-based and machine learning approaches. Our results demonstrated that a 
motor imagery-based motor cortical BCI-controlled FES system, which we developed in this project, 
could rapidly neuromodulate central nervous system excitability. 
４．研究成果 
Related to the specific project objectives, the following achievements were realized: 
(1) “Develop a BCI system to detect hand movements” – We implemented and tested the BCI 
system for controlling FES. Specifically, we showed that a motor imagery-based cortical signal power 
threshold BCI algorithm can detect movement intentions with an accuracy of approximately 85% (see 
Suzuki et al. 2022 [J5] and Fadli et al. unpublished). A machine learning algorithm using a support-
vector machine classifier a had a comparable detection accuracy for a one degree of freedom BCI 
classification (Yamanouchi et al. unpublished). While hand wrist rest-flexion-extension detection was 
less accurate overall compared to rest-active detection, both performed above the chance level, 
implying the suitability for controlling FES (Yamanouchi et al. unpublished). (Figure 1). 

 
Figure 1: BCI detection based on support vector machine (SVM) classification. 

(2) “Evaluate a neuroprosthetic technology for activating upper-limb muscles” – We 



demonstrated that activity dependent FES can elicit long-term cortical reorganization to improve 
motor function after an intervention consisting of 36 training session (see Milosevic et al. 2021 [J9]). 
For a summary, also see Figure 2. We also tested how FES activates muscles and the central nervous 
system by showing voluntary input contributions during FES for exciting somatosensory networks 
(see Kato et al. 2022 [J6]). Finally, we proposed a novel method using direct electrical stimulation of 
the spinal cord and demonstrated that non-invasive stimulation can selectively activate dorsal root 
sensory fibers at different spinal segments (see de Freitas et al. 2021 [J10]), although muscle-level 
FES is more effective for generating functional movements. 

 
Figure 2: FES system intervention resulting in long term cortical re-organization. See [J9]. 

(3) “Neuromodulation using BCI-controlled FES” – 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 al. 2022 [J5]). For a summary, also see Figure 3. 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 BCI-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 
elicit neural plasticity (see Cao et al. 2022 [J3]). 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 al. 2020 [J14]) are prepared to summarize these proposed neuromodulation 
mechanisms of BCI-controlled FES in neurorehabilitation. 

 
Figure 3: BCI-FES system intervention resulting in rapid corticospinal facilitation. See [J5]. 



 
Figure 4: 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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