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�bstr	ct. M
lt��l� s�l�r�s�s (MS) �s � �hr�	�� �
t����
	� d�s�rd�r �h�r��t�r�z�d b� th� d�gr�d�t��	 �f ���l�	, �

�r�t���l �����	�	t �f ���	s �	 th� ��	tr�l 	�rv�
s s�st�� (�NS). 9h�s d����l�	�t��	 d�sr
�ts s�g	�l tr�	s��ss��	, l��d�	g
t� s�v�r� 	�
r�l�g���l �����r��	ts. D�s��t� �dv�	����	ts �	 ���
	���d
l�t�r� th�r����s, 	� ���st�	g tr��t��	ts
d�r��tl� r�st�r� s�g	�l tr�	s��ss��	 ��r�ss d����l�	�t�d ���	s. 9h�s ����r�h�	s�v� r�v��w ���l�r�s ���rg�	g
t��h	�l�g��s d�s�g	�d t� �ddr�ss th�s 
	��t 	��d. W� �����	� �		�v�t�v� ���r���h�s s
�h �s b���	g�	��r�d ���l�	
s
bst�t
t�s, 	�	�t��h	�l�g�-b�s�d �	t�rv�	t��	s, �	d �l��tr���l st��
l�t��	 t��h	�q
�s th�t ��� t� f���l�t�t� f
	�t��	�l
r���v�r�. Add�t��	�ll�, �dv�	����	ts �	 st�� ��ll th�r����s �	d �h�r����l�g���l �g�	ts t�rg�t�	g r����l�	�t��	 �r�
d�s�
ss�d �	 th� ��	t��t �f �r��l�	���l �	d �l�	���l st
d��s. *� s�	th�s�z�	g �
rr�	t r�s��r�h, th�s r�v��w h�ghl�ghts �r�t���l
�h�ll�	g�s, �	�l
d�	g b�������t�b�l�t�, t�rg�t�d d�l�v�r�, �	d l�	g-t�r� �ff�����, wh�l� �d�	t�f��	g ��t�	t��l ��thw��s
f�r f
t
r� �		�v�t��	. 9h� f�	d�	gs 
	d�rs��r� th� 	���ss�t� �f �
lt�d�s���l�	�r� ��ll�b�r�t��	 t� d�v�l�� tr�	sf�r��t�v�
th�r����s ����bl� �f r�st�r�	g 	�
r�l�g���l f
	�t��	 �	d ���r�v�	g q
�l�t� �f l�f� f�r �	d�v�d
�ls w�th MS.

Анотація. Розсіяний склероз (РС) — це хронічне автоімунне захворювання, яке характеризується
деградацією мієліну — критично важливого компонента аксонів у центральній нервовій системі (ЦНС).
Демієлінізація порушує передачу нервових імпульсів, що призводить до серйозних неврологічних порушень.
Незважаючи на досягнення в галузі імуномодулюючої терапії, на сьогодні не існує методів лікування, які б
безпосередньо відновлювали передачу сигналів через демієлінізовані аксони. Цей комплексний огляд присвячений
дослідженню новітніх технологій, спрямованих на подолання цієї незадоволеної медичної потреби.
Розглядаються інноваційні підходи, такі як біоінженерні замінники мієліну, нанотехнологічні втручання та
методи електричної стимуляції, що мають на меті сприяння функціональному відновленню. Окрім того,
аналізуються досягнення у галузі терапії стовбуровими клітинами та використання фармакологічних засобів,
спрямованих на ремієлінізацію, в контексті доклінічних та клінічних досліджень. На основі синтезу сучасних
наукових результатів, у цьому огляді висвітлюються ключові виклики, зокрема біосумісність, цільова доставка
та довготривала ефективність, а також визначаються перспективні напрямки подальших інновацій. Отримані
висновки підкреслюють важливість міждисциплінарної співпраці для розробки проривних методів лікування,
здатних відновити неврологічні функції та покращити якість життя людей, які страждають на РС.
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Intr�du%t��n
In 	 h�	lth6, n�rm	l ��rs�n, s�gn	l tr	nsm�ss��n 	l�ng 	 n�ur�n ���urs v�	 	�t��n ��t�nt�	ls, wh��h 	r� r	��d �h	ng�s

�n m�mbr	n� ��t�nt�	l th	t tr	v�l 	l�ng th� 	��n. Th�s �r���ss st	rts 	t th� 	��n h�ll��k wh�n th� m�mbr	n� ��t�nt�	l
r�	�h�s 	 thr�sh�ld (	r�und -55 mV) du� t� 	 st�mulus, �	us�ng v�lt	g�-g	t�d s�d�um (N	+) �h	nn�ls t� ���n. �s N	+
��ns rush �nt� th� n�ur�n, th� �ns�d� �f th� ��ll b���m�s m�r� ��s�t�v�, 	 �r���ss �	ll�d d���l	r�z	t��n, 	nd th� m�mbr	n�
��t�nt�	l s��k�s t� 	r�und +30 mV.
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In m6�l�n	t�d n�ur�ns, th� 	��n �s ��v�r�d b6 s�gm�nts �f m6�l�n sh�	th th	t �nsul	t� th� 	��n, �r�v�nt�ng ��n
l�	k	g�. >�tw��n th�s� m6�l�n	t�d s�gm�nts 	r� n�d�s �f R	nv��r, wh��h 	r� g	�s wh�r� th� 	��n m�mbr	n� �s ����s�d.
Th� m6�l�n sh�	th �n�r�	s�s th� s���d 	nd �ff����n�6 �f s�gn	l tr	nsm�ss��n b6 	ll�w�ng th� 	�t��n ��t�nt�	l t� tr	v�l v�	
s	lt	t�r6 ��ndu�t��n. In s	lt	t�r6 ��ndu�t��n; Th� �l��tr��	l s�gn	l m�v�s �	ss�v�l6 thr�ugh th� m6�l�n	t�d s�gm�nts, th	nks t� th� �nsul	t��n �r�v�d�d b6 th�
m6�l�n. Wh�n th� s�gn	l r�	�h�s 	 n�d� �f R	nv��r, th� h�gh ��n��ntr	t��n �f v�lt	g�-g	t�d s�d�um �h	nn�ls 	ll�ws th� 	�t��n
��t�nt�	l t� b� r�g�n�r	t�d. Th�s r�g�n�r	t��n �nv�lv�s 	 fr�sh �nflu� �f N	+ ��ns, wh��h d���l	r�z�s th� m�mbr	n� 	t
�	�h n�d�.

Th� 	�t��n ��t�nt�	l "jum�s" fr�m �n� n�d� t� th� n��t, sk����ng �v�r th� �nt�rn�d	l s�gm�nts (th� m6�l�n	t�d
r�g��ns). Th�s jum��ng, �r s	lt	t�r6 ��ndu�t��n (fr�m L	t�n "s	lt	r�," m�	n�ng "t� jum�"), s�gn�f��	ntl6 �n�r�	s�s th�
s���d �f tr	nsm�ss��n—u� t� 100 t�m�s f	st�r ��m�	r�d t� ��nt�nu�us ��ndu�t��n �n unm6�l�n	t�d n�ur�ns.

�ft�r d���l	r�z	t��n 	t �	�h n�d�, v�lt	g�-g	t�d ��t	ss�um (K+) �h	nn�ls ���n, 	ll�w�ng K+ ��ns t� l�	v� th� ��ll,
wh��h br�ngs th� m�mbr	n� ��t�nt�	l b	�k d�wn—	 �r���ss �	ll�d r���l	r�z	t��n. Dur�ng r���l	r�z	t��n, th� m�mbr	n�
br��fl6 b���m�s m�r� n�g	t�v� th	n th� r�st�ng ��t�nt�	l (	r�und -70 mV) �n 	 �h	s� �	ll�d h6��r��l	r�z	t��n, b�f�r�
r�turn�ng t� th� r�st�ng st	t� thr�ugh th� 	�t��n �f th� s�d�um-��t	ss�um �um�.

Th� 	�t��n ��t�nt�	l tr	v�ls 	l�ng th� 	��n unt�l �t r�	�h�s th� 	��n t�rm�n	l, wh�r� �t tr�gg�rs th� ���n�ng �f v�lt	g�-
g	t�d �	l��um (Q	2+) �h	nn�ls. Q	l��um �nflu� �	us�s s6n	�t�� v�s��l�s t� fus� w�th th� m�mbr	n�, r�l�	s�ng
n�ur�tr	nsm�tt�rs �nt� th� s6n	�t�� �l�ft. Th�s� n�ur�tr	nsm�tt�rs b�nd t� r����t�rs �n th� ��sts6n	�t�� ��ll, wh�th�r �t b�
	n�th�r n�ur�n, mus�l� ��ll, �r gl	nd, 	ll�w�ng th� s�gn	l t� b� tr	nsm�tt�d furth�r. Th�s �nt�r� �r���ss 	ll�ws f�r th�
r	��d 	nd �ff����nt tr	nsm�ss��n �f �nf�rm	t��n, n���ss	r6 f�r 	ll th� b�d6's 	�t�v�t��s—fr�m mus�l� m�v�m�nts t�
s�ns�r6 �r���ss�ng 	nd th�ught.

S�gn	l tr	nsm�ss��n �r���ss �n 	 ��rs�n w�th mult��l� s�l�r�s�s (MS), 	l�ng w�th th� m�l��ul	r m��h	n�sms 	r�
r�qu�r�d t� stud6 f�r furth�r 	n	l6s�s.

1. M6�l�n D	m	g� 	nd ���n	l D�m6�l�n	t��n N�rm	l M��h	n�sm: In 	 h�	lth6 n�ur�n, m6�l�n sh�	ths f�rm�d b6 �l�g�d�ndr��6t�s (�n th� ��ntr	l n�rv�us s6st�m)
wr	� t�ghtl6 	r�und th� 	��n, �r�v�d�ng �nsul	t��n. Th� n�d�s �f R	nv��r, wh��h 	r� g	�s b�tw��n th�s� m6�l�n s�gm�nts,
	r� �ru��	l f�r s	lt	t�r6 ��ndu�t��n. M�l��ul	r M��h	n�sm �n MS: In MS, �mmun� ��lls (�.g., T-��lls 	nd m	�r��h	g�s) �n��rr��tl6 r���gn�z� m6�l�n
�r�t��ns (l�k� m6�l�n b	s�� �r�t��n (M>Y)) 	s f�r��gn. Th�s l�	ds t� th� �r�du�t��n �f �nfl	mm	t�r6 �6t�k�n�s (su�h 	s
TNF-α, IFN-γ, 	nd IL-17), �	us�ng d	m	g� t� th� m6�l�n 	nd l�	d�ng t� d�m6�l�n	t��n. ��t�v	t�d m	�r��h	g�s �ngulf
	nd d�gr	d� th� m6�l�n, ����s�ng th� 	��n m�mbr	n� t� th� surr�und�ng �nv�r�nm�nt.

2. D�sru�t��n �f S	lt	t�r6 Q�ndu�t��n N�rm	l M��h	n�sm: In m6�l�n	t�d 	��ns, s	lt	t�r6 ��ndu�t��n 	ll�ws 	�t��n ��t�nt�	ls t� "jum�" fr�m �n� n�d� �f
R	nv��r t� th� n��t, b6�	ss�ng th� �nsul	t�d �nt�rn�d	l s�gm�nts. Th� v�lt	g�-g	t�d s�d�um (N	+) �h	nn�ls 	t th� n�d�s
�n	bl� r	��d r�g�n�r	t��n �f th� 	�t��n ��t�nt�	l, wh��h m	�nt	�ns �ts str�ngth. M�l��ul	r M��h	n�sm �n MS: Wh�n m6�l�n �s d	m	g�d, s	lt	t�r6 ��ndu�t��n �s d�sru�t�d. Th� ����s�d 	��n l	�ks
th� h�gh ��n��ntr	t��n �f v�lt	g�-g	t�d N	+ �h	nn�ls f�und 	t th� n�d�s. Th�s r�sults �n 	n �n	b�l�t6 t� �ff��t�v�l6
r�g�n�r	t� th� 	�t��n ��t�nt�	l 	t th� �r�v��usl6 �nsul	t�d s�gm�nts. �dd�t��n	ll6, r�d�str�but��n �f s�d�um �h	nn�ls m	6
���ur 	s 	n 	d	�t�v� r�s��ns�, but th�s �r���ss t	k�s t�m�, 	nd th� numb�r �f n�wl6 d�str�but�d �h	nn�ls �s �ft�n
�nsuff����nt t� ��m��ns	t� f�r th� l�ss �f m6�l�n.

3. I�n Qh	nn�l D6sfun�t��n N�rm	l M��h	n�sm: In h�	lth6 n�ur�ns, N	+ �h	nn�ls 	t th� n�d�s �f R	nv��r 	r� r�s��ns�bl� f�r 	�t��n ��t�nt�	l
r�g�n�r	t��n, wh�l� v�lt	g�-g	t�d ��t	ss�um (K+) �h	nn�ls h�l� �n r���l	r�z	t��n. M�l��ul	r M��h	n�sm �n MS: In d�m6�l�n	t�d r�g��ns, th� n�rm	l �lust�r�ng �f s�d�um �h	nn�ls 	t th� n�d�s �f
R	nv��r �s d�sru�t�d. Inst�	d, b�th N	+ 	nd ��t	ss�um �h	nn�ls 	r� m�r� w�d�l6 d�str�but�d 	l�ng th� ����s�d 	��n. Th�
�n	��r��r�	t� ����sur� �f K+ �h	nn�ls 	ll�w ����ss�v� K+ �fflu�, wh��h �	n h6��r��l	r�z� th� 	��n, m	k�ng �t h	rd�r
f�r th� m�mbr	n�� t� r�	�h th� thr�sh�ld ��t�nt�	l f�r 	�t��n ��t�nt�	l r�g�n�r	t��n. �dd�t��n	ll6, th� l	�k �f 	d�qu	t�
N	+ �h	nn�l d�n�st6 �n th� ����s�d 	r�	s m�	ns th� 	�t��n ��t�n�t	l w�	k�ns �r �v�n f	�ls �nt�r�l6 b�f�r� r�	�h�ng th�
n��t ��d�.

4. Q�ndu�t��n >l��k 	nd S�gn	l D��	6 N�rm	l M��h	n�sm: Th� m6�l�n sh�	th s�rv�s 	s 	n �ff��t�v� �l��tr��	l �nsul	t�r, �nsur�ng m�n�m	l ��n l�	k	g� 	nd
r	��d s�gn	l tr	nsm�ss��n 	l�ng th� �nt�rn�d	l r�g��ns. M�l��ul	r M��h	n�sm �n MS: Wh�n m6�l�n �s l�st, th� 	��n m�mbr	n� �s ����s�d t� th� ��tr	��llul	r �nv�r�nm�nt,
l�	d�ng t� �n�r�	s�d ��n l�	k	g� 	�r�ss th� m�mbr	n�. Th� 	bs�n�� �f �nsul	t��n m�	ns th� �	ss�v� ��ndu�t��n �f th�
�l��tr��	l s�gn	l �s ��m�r�m�s�d, l�	d�ng t� 	 s�gn�f��	nt dr�� �n m�mbr	n� ��t�nt�	l. Th� 	�t��n ��t�nt�	l m	6 d��	6
b�f�r� r�	�h�ng th� n��t n�d� �f R	nv��r, �	us�ng 	 ��ndu�t��n bl��k. Th� n�ur�n �s �ft�n un	bl� t� �ff��t�v�l6 �r��	g	t�
th� s�gn	l, wh��h l�	ds t� �nt�rru�t�d ��mmun��	t��n b�tw��n n�ur�ns.
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5. In�r�	s�d En�rg6 D�m	nd N�rm	l M��h	n�sm: In 	 m6�l�n	t�d n�ur�n, �n�rg6 ��nsum�t��n �s m�n�m�z�d s�n�� 	�t��n ��t�nt�	ls �nl6 n��d
t� b� r�g�n�r	t�d 	t n�d�s, r�du��ng th� w�rkl�	d �f s�d�um- ��t	ss�um �um�s (wh��h r�st�r� th� ��n�� gr	d��nt 	ft�r 	n
	�t��n ��t�nt�	l). M�l��ul	r M��h	n�sm �n MS: In th� d�m6�l�n	t�d 	��n, 	�t��n ��t�nt�	ls �r��	g	t� 	l�ng th� �nt�r� 	��n, 	nd
n�t just 	t th� n�d�s �f R	nv��r. �s 	 r�sult, s�d�um-��t	ss�um �um�s 	r� r��ru�t�d 	ll 	l�ng th� d�m6�l�n	t�d 	��n	l
m�mbr	n� t� r�st�r� th� d�sru�t�d N	+/K+ gr	d��nts 	ft�r d���l	r�z	t��n. Th�s �n�r�	s�d 	�t�v�t6 l�	ds t� �l�v	t�d �TY
��nsum�t��n 	nd �uts th� 	��n und�r m�t	b�l�� str�ss. Th� ����ss�v� �n�rg6 d�m	nd �	n d��l�t� th� n�ur�n’s �n�rg6
r�s�rv�s, ��ntr�but�ng t� 	��n	l �njur6.

6. ���n	l D�g�n�r	t��n N�rm	l M��h	n�sm: In 	 h�	lth6 n�ur�n, th� m6�l�n sh�	th h�l�s �r�t��t th� 	��n fr�m m��h	n��	l 	nd
m�t	b�l�� str�ss, �nsur�ng �ts l�ng-t�rm �nt�gr�t6. M�l��ul	r M��h	n�sm �n MS: Th� l�ss �f m6�l�n ����s�s th� 	��n t� �hr�n�� str�ss, wh��h �	n l�	d t� �	l��um
(Q	2+) d6sr�gul	t��n. Th� r�d�str�but��n �f s�d�um �h	nn�ls �ft�n l�	ds t� �n�r�	s�d N	+ �nflu�, wh��h 	�t�v	t�s th�
s�d�um-�	l��um ���h	ng�r, r�sult�ng �n ����ss�v� Q	2+ �ntr6 �nt� th� 	��n. El�v	t�d �ntr	��llul	r Q	2+ l�v�ls 	�t�v	t�
�nz6m�s l�k� �	l�	�ns 	nd �	s�	s�s, wh��h �	us� 	��n	l d	m	g� 	nd d�g�n�r	t��n. Th�s d�g�n�r	t��n �s �r�gr�ss�v� 	nd
�rr�v�rs�bl�, ��ntr�but�ng t� th� ��rm	n�nt d�s	b�l�t6 �bs�rv�d �n MS �	t��nts.

7. S6m�t�ms 	nd Fun�t��n	l Im�	�rm�nt N�rm	l M��h	n�sm: Eff��t�v� m6�l�n	t��n �nsur�s r	��d 	nd r�l�	bl� ��mmun��	t��n b�tw��n th� QNS 	nd th�
b�d6, 	ll�w�ng f�r n�rm	l m�t�r, s�ns�r6, 	nd ��gn�t�v� fun�t��ns. M�l��ul	r M��h	n�sm �n MS: Th� �umul	t�v� �ff��t �f d�m6�l�n	t��n, ��ndu�t��n bl��ks, ��n �h	nn�l
d6sfun�t��n, 	nd 	��n	l d�g�n�r	t��n r�sults �n 	 r	ng� �f n�ur�l�g��	l s6m�t�ms. F�r �nst	n��;

o Mus�l�w�	kn�ss	nds�	st���t6���urdu�t��m�	�r�dm�t�rn�ur�n s�gn	ll�ng.
o Numbn�ss, t�ngl�ng, �r s�ns�r6 d�f���ts r�sult fr�m f	�l�d s�ns�r6 n�ur�n ��mmun��	t��n.
o V�s��n�r�bl�ms,su�h	s��t��n�ur�t�s,	r�s�fr�md�m6�l�n	t��n�fth� ��t�� n�rv�, l�	d�ng t� �m�	�r�d v�su	l s�gn	l

tr	nsm�ss��n.
o Q�gn�t�v��m�	�rm�ntsm	6d�v�l���fd�m6�l�n	t��n	ff��tsbr	�n	r�	s �nv�lv�d �n m�m�r6 	nd �r���ss�ng.
o F	t�gu��s��mm�ndu�t�th��n�r�	s�dm�t	b�l��d�m	nds�l	��d�n n�ur�ns 	nd th� �n�ff����nt ��ndu�t��n �f n�rv�

s�gn	ls.
In 	 h�	lth6 �nd�v�du	l, m6�l�n 	nd n�d�s �f R	nv��r �n	bl� f	st, �ff����nt s�gn	l tr	nsm�ss��n thr�ugh s	lt	t�r6

��ndu�t��n, m	�nt	�n�ng ��n h�m��st	s�s 	nd r�du��ng �n�rg6 d�m	nds. In 	 ��rs�n w�th MS, �mmun�-m�d�	t�d
d�m6�l�n	t��n d�sru�ts th�s �r���ss, �	us�ng s�gn	l tr	nsm�ss��n t� sl�w, w�	k�n, �r �v�n st�� du� t� ��n l�	k	g�,
�n	d�qu	t� s�d�um �h	nn�l d�ns�t6, 	nd ��ndu�t��n bl��ks. Th� �n�r�	s�d ����sur� �f ��t	ss�um �h	nn�ls l�	ds t� furth�r
d�ff��ult��s �n r�g�n�r	t�ng 	�t��n ��t�nt�	ls. Th� l�ss �f m6�l�n r�sults �n �n�r�	s�d �n�rg6 r�qu�r�m�nts t� m	�nt	�n ��n
gr	d��nts, ��ntr�but�ng t� m�t	b�l�� str�ss 	nd 	��n d�g�n�r	t��n v�	 �	l��um �v�rl�	d. Iv�r t�m�, th�s� �h	ng�s l�	d t�
�hr�n�� s6m�t�ms su�h 	s mus�l� w�	kn�ss, s�ns�r6 d�f���ts, v�su	l �r�bl�ms, 	nd ��gn�t�v� �m�	�rm�nts, s�gn�f��	ntl6
�m�	�t�ng th� qu	l�t6 �f l�f� �f �nd�v�du	ls w�th MS.

N ur�l tr �tm nt f�r 4S
N ur�l E�	�ss s
N�ur�m�dul	t��n �s 	 r	��dl6 gr�w�ng f��ld th	t �nv�lv�s 	lt�r�ng n�ur	l 	�t�v�t6 thr�ugh d�r��t �l��tr��	l �r

�h	rm	��ut��	l d�l�v�r6. D��� br	�n st�mul	t��n (D>S) w	s FD�-	��r�v�d �n 1997, 	nd �	rl6 n�ur�-m�dul	t�r6 d�v���s
w�r� �n�-w	6 s6st�ms. Th� 	dv�nt �f r�s��ns�v� n�ur�st�mul	t��n (RNS) f�r ���l��s6 �n 2013 m	rk�d th� f�rst 	��r�v	l
f�r 	 n�ur	l s6st�m th	t r���rds, m�dul	t�s, 	nd st�mul	t�s n�ur�ns �n 	 b�-d�r��t��n	l m	nn�r. Ith�r b�-d�r��t��n	l, �r
'�l�s�d-l���' s6st�ms 	r� �n d�v�l��m�nt, �n�lud�ng �l�s�d-l��� D>S 	nd EQ�G[1].

� n�v�l gr�u� �f r���ntl6 d�v�l���d n�ur�-m�dul	t��n d�v���s m	6 b� b�tt�r d�s�r�b�d 	s 	 n�ur	l b6�	ss, wh��h
	tt�m�ts t� tr	nsm�t th� s	m� n�ur	l d	t	 fr�m �n� l��	t��n t� 	n�th�r �n th� n�rv�us s6st�m. Th�r� 	r� v	r6�ng
t�rm�n�l�g��s f�r th�s t��hn�l�g6 �n th� l�t�r	tur�, �n�lud�ng 	rt�f���	l ��rt��	l-mus�ul	r ��nn��t��n (�QMQ), n�ur	l
b6�	ss, �r th� br�	d�r �	t�g�r6 �f br	�n- ��m�ut�r �nt�rf	��/br	�n-m	�h�n� �nt�rf	�� [2, 3]. Th�s t��hn�l�g6 h	s
�r�gr�ss�d fr�m 	n�m	l f�	s�b�l�t6 stud��s[4] t� su���ssful d�m�nstr	t��n �n hum	ns �v�r th� l	st tw� d��	d�s[5, 6]. M�st
w�rk �n n�ur	l b6�	ss�s h	s f��us�d �n tr	nsm�tt�ng ��rt��	l �nf�rm	t��n t� �ff��t�r mus�l�s �n �	s�s �f s��n	l ��rd �njur6
(SQI) �r str�k�. r�w�v�r, n�ur	l b6�	ss�s 	ls� h	v� ��t�nt�	l f�r ��rt��	l-��rt��	l, ��rt��	l-s��n	l, 	nd ��rt��	l/s��n	l-
mus�ul	r ��mmun��	t��ns, �r 	rt�f���	l 	ut�n�m�� n�ur	l ��nn��t��ns. Unl�k� th� RNS s6st�m, wh��h �r�v�d�s d�sru�t�v�
st�mul	t��n t� 	 n�w l��	t��n �n th� n�rv�us s6st�m, n�ur	l b6�	ss�s 	�m t� tr	nsm�t th� s	m� �nf�rm	t��n fr�m �n�
l��	t��n t� 	n�th�r l��	t��n �n th� n�rv�us s6st�m.

Th�s r�v��w 	�ms t� d�f�n� n�ur	l b6�	ss�s 	s 	 t���� 	nd r�v��w 	�t�v� stud��s f�r h�w �t us�ful f�r r�st�r�ng s�gn	l
tr	nsm�ss��n thr�ugh d�m6�l�n	t��n n�ur�ns �n mult��l� s�l�r�s�s. It w�ll r�v��w th� �urr�nt st	t� �f n�ur	l b6�	ss�s 	s 	n
�nd���nd�nt �r ��mb�n�d th�r	��ut�� m�d	l�t6 f�r s��n	l ��rd �	th�l�g6, str�k�, 	nd 	dd�t��n	l br�	d�r us�s.
�dd�t��n	ll6, �t w�ll r�v��w th� t��hn�l�g��s �urr�ntl6 us�d f�r n�ur	l �nt�rf	��ng, �r���s� n�w 	v�nu�s f�r th�s
t��hn�l�g6, 	nd d�s�uss th� l�m�t	t��ns 	nd ��t�nt�	l b�n�f�ts �f n�ur��l	st���t6 t� furth�r �r�gr�ss th� �ff��	�6 �f n�ur	l
b6�	ss t��hn�qu�s.

V�r��us a %hn�l�g�%�l 4 th�ds
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1) R %�rd�ng a %hn�qu s
N�ur	l b6�	ss s6st�ms �	n ��rf�rm n�ur	l r���rd�ngs, �r���ss d	t	, 	nd d�l�v�r n�ur�st�mul	t��n w�th v	r6�ng s�	t�	l

	nd t�m��r	l r�s�lut��n. M�th�ds �n�lud� EEG (�l��tr�d� st�mul	t��n), EQ�G (�l��tr�d� ��unt�ng), m��r��l��tr�d�
	rr	6s, 	nd s�ngl� n�ur�n r���rd�ngs. EEG, wh��h t6���	ll6 r���rds �n th� �rd�r �f 1,000,000 n�ur�ns; EQ�G, wh��h
t6���	ll6 r���rds �n th� �rd�r �f 100,000 n�ur�ns; m��r��l��tr�d� 	rr	6s, wh��h �	n r���rd l��	l f��ld ��t�nt�	ls fr�m
10,000s �f n�ur�ns �r u� t� 100 �nd�v�du	l n�ur�ns w�th�n 60 μm, 	nd th�n s�ngl� n�ur�n r���rd�ngs wh��h h	v� th�
h�gh�st s�	t�	l 	nd t�m��r	l r�s�lut��n �f 	 s�ngl� n�ur�n [7, 8]. Th� N�ur���rt S6st�m h	s 	 10 krz s	m�l�ng r	t�[9].
EEG �s l�ss �nv	s�v� but h	s l�w�r s�	t�	l r�s�lut��n th	n EQ�G[10]. Th� s�ns�r�m�t�r ��rt�� �s th� m�st ��mm�n s�t�
f�r r���rd�ng. St�r�� �n���h	l�gr	�h6 (SEEG) �s 	n �nv	s�v� �l��tr�d� str	t�g6 f�r r���rd�ng f�n� m�v�m�nt s�gn	ls �n
hum	ns. Th�s str	t�g6 h	s ��t�nt�	l f�r l�w ���r	t�v� r�sk �n n�ur	l b6�	ss [11]. Qhr�n��	ll6 �m�l	nt�d r���rd�ng d�v���s
	r� �r�n� t� s�gn	l d��	6 du� t� f	�t�rs l�k� gl��s�s, but mult�-un�t r���rd�ng d�v���s 	r� m�r� r�s�st	nt t� d��	6. Mult�-
un�t r���rd�ng d�v���s h	v� b��n sh�wn t� b� m�r� r�s�st	nt t� d��	6 ��m�	r�d t� �hr�n��	ll6 �m�l	nt�d d�v���s[12].

2) St�mul�t��n 4 th�ds
St�mul	t��n m�th�ds 	r� 	ll t6���	ll6 �	rr��d �ut b6 d�l�v�r�ng �l��tr��	l �m�uls�s thr�ugh �l��tr�d�s. Fun�t��n	l

�l��tr��	l st�mul	t��n (FES) �s 	 m�th�d �f st�mul	t�ng �ff��t�r mus�l�s w�th n�ur	l r���rd�ngs t� �r�du�� d�s�r�d
m�v�m�nts. It �	n b� ��rf�rm�d thr�ugh �m�l	nt�d �nv	s�v� �l��tr�d�s �l	��d �n �ff��t�r mus�l�s �r n�n-�nv	s�v�
�l��tr�d� st��k�rs[13]. Stud��s h	v� d�v�l���d n�n-�nv	s�v� �l��tr�d� sl��v�s �	�	bl� �f r��r�du��ng mus�l� m�v�m�nts
w�th st�mul	t��n wh�l� �th�rs h	v� �m�l	nt�d �l��tr�d�s �n �ff��t�r mus�l�s [14-16]. FES s6st�ms v	r6 �n ��m�l���t6,
fr�m s�ngl� �l��tr�d�s t� ��mb�n	t��ns �f 130 �l��tr�d�s w�th v	r6�ng st�mul	t��n �uls� d6n	m��s su�h 	s fr�qu�n�6 	nd
	m�l�tud�[17]. �dd�t��n	l n�ur	l r���rd�ng 	nd st�mul	t��n d�v���s 	r� �n d�v�l��m�nt, su�h 	s N�ur	l�nk w�th
m��r�m�t�r �l��tr�d� thr�	ds, St�ntr�d� w�th 	n �ntr	v	s�ul	r r���rd�ng/st�mul	t�ng d�v���, fl���bl� �nj��t	bl� �r�b�s,
	nd N�ur	l Dust w�th 	 w�r�l�ss ultr	s�und-b	s�d n	n�m�t�r r���rd�ng d�v���[18]. Th� b�st m�th�ds f�r �nv	s�v� n�ur	l
r���rd�ng 	nd st�mul	t��n r�m	�n t� b� d�t�rm�n�d.

3) S�gn�l [r�% ss�ng Str�t g� s
Num�r�us m�th�ds ���st t� f�lt�r n��s�, d�t�rm�n� st�mul	t��n, d���d�, 	nd �r�d��t n�ur	l 	�t�v�t6. S�m� 	uth�rs h	v�

	tt�m�t�d n�ur	l d���d�ng thr�ugh tr	�n�ng s�ss��ns, wh�l� �th�rs h	v� d�t�rm�n�d 	rb�tr	r6 thr�sh�lds f�r n�ur	l
�l	st���t6. Wh�n EEG �s us�d �n n�ur	l b6�	ss�s, r���rd�ng thr�sh�lds 	r� d�t�rm�n�d, wh��h tr	nsl	t� t� �ff��t�r
st�mul	t��n, �ft�n w�th FES. EEG thr�sh�lds t� st�mul	t� FES 	r� t6���	ll6 �bt	�n�d thr�ugh m�t�r �m	g�r6, 	tt�nt��n
w�th s�ns�r�m�t�r rh6thm 	nd b�t	/th�t	 �s��ll	t��n r	t��s, �r Q�mm�n S�	t�	l Y	tt�rns b	s�d �n Ev�nt
D�/S6n�hr�n�z	t��n[19-38]. S�m� h	v� us�d st�	d6-st	t� v�su	l �v�k�d ��t�nt�	ls (SSVEY) t� tr�gg�r FES
st�mul	t��n[39]. S�m� stud��s h	v� us�d 	l�h	 rh6thms 	s 	 d�	�t�v	t�ng s�gn	l f�ll�w�ng 	 st�mul	t��n �v�nt[40]. S�ngl�-
��ll r���rd�ngs t6���	ll6 us� ��ll f�r�ng r	t� 	s th� thr�sh�ld f�r st�mul	t�ng FES[4]. Wh�n EQ�G �s us�d, th� r	t� �f h�gh-
g	mm	 �s��ll	t��ns �s s�l��t�d 	s 	 thr�sh�ld f�r �ff��t�r mus�l� st�mul	t��n[2]. In stud��s w�th m��r��l��tr�d� 	rr	6s,
n�ur�n	l 	�t��n ��t�nt�	l r	t� �r 	v�r	g� s���tr	l h�gh-fr�qu�n�6 ��w�r 	r� t6���	ll6 us�d 	s thr�sh�lds f�r st�mul	t��n
�f �ff��t�r mus�l�s[14]. M��r��l��tr�d� 	rr	6s 	r� �ft�n us�d dur�ng tr	�n�ng s�ss��ns �r��r t� �	r	l6s�s �r w�th s�mul	t�d
m�t�r t	sks t� �r�	t� �r�d��t�v� m�d�ls �f n�ur�n	l ��ntr�l �f mus�l� 	�t�v�t6[17], [41, 42]. r�w�v�r, d	�l6 �	l�br	t��n �s
r�qu�r�d t� tr	�n n�ur	l d���d�ng 	lg�r�thms, wh��h �r�s�nts 	 l�m�t	t��n f�r th��r tr	nsl	t��n t� r�	l-w�rld �nv�r�nm�nts.
In� ��ss�bl� 	��r�	�h �s 	 n�ur	l n�tw�rk �	�	bl� �f d���d�ng w�th�ut d	�l6 tr	�n�ng s�ss��ns[16]. Ith�r d���d�ng
m�th�ds �n�lud� gr	d��nt b��st�d tr��s, su���rt v��t�r m	�h�n�s, 	nd l�n�	r m�th�ds[9, 43]. N�nl�n�	r m�th�ds �f
d���d�ng m	6 h�l� �n�r�	s� th� r�bustn�ss 	nd 	��ur	�6 �f s����f�� d���d�rs[44]. �s m�th�ds �n�r�	s� �n ��m�l���t6, s�
d� th��r 	ss���	t�d 	ssum�t��ns. M	�h�n� l�	rn�ng m�th�ds �	n �rg	n�z� mult��l� d���d�ng m�d�ls �n �ns�mbl�s[43],
l�	d�ng t� ��s�t�v� �ut��m�s 	nd 	��ur	t� d���d�ng [9].

D�v�l���ng d�v���s t� m	��m�z� s�	t�	l r�s�lut��n, t�m��r	l r�s�lut��n, 	nd b����m�	t�b�l�t6 w�ll b� �ru��	l f�r
d�v�l���ng r�bust n�ur	l �nt�rf	��s. �dd�t��n	ll6, 	 numb�r �f un�d�r��t��n	l r���rd�ng �r st�mul	t��n d�v���s ���st th	t
h	v� n�t 6�t b��n ��mb�n�d �nt� n�ur	l b6�	ss�s, �n�lud�ng n�v�l s��n	l ��rd st�mul	t�rs �r n�ur�tr	nsm�tt�r s�ns�ng
�l��tr�d�s[45, 46]. �dd�t��n	ll6, th�r� �s 	 l	�k �f ��m�	r	t�v� 	n	l6s�s 	�r�ss stud��s w�th d�ff�r�nt m�th�d�l�g��s t�
d�t�rm�n� th� m�st �ff��	���us m�th�ds �f 	�h��v�ng n�ur	l b6�	ss.

St�t -�f-th -�rt b� N ur�l E�	�ss a�	 s
1) Q�rt��	l/S��n	l → Y�r��h�r	l/Mus�ul	r N�ur	l >6�	ss�s
N�ur�n	l b6�	ss �s 	 t��hn�qu� th	t �	�rs EEG-b	s�d r���rd�ngs w�th ��r��h�r	l st�mul	t��n, �ft�n thr�ugh Fun�t��n	l

El��tr��	l St�mul	t��n (FES) 	t th� mus�l� l�v�l. Th�s m�th�d h	s b��n su���ssful �n st�mul	t�ng �r�v��usl6 �	r	l6z�d
mus�l�s, 	ll�w�ng �nd���nd�nt ��ntr�l �f �r�v��usl6 �	r	l6z�d mus�l�s. E	rl6 stud��s h	v� sh�wn th	t n�ur	l EEG
r���rd�ngs �f �r�m	r6 m�t�r ��rt�� �r s�ngl� n�ur�n r���rd�ngs �	n b� us�d t� st�mul	t� f�r�	rm 	nd wr�st mus�l�s �n
hum	ns 	nd �r�m	t�s[4], [20]. M�t�r �m	g�r6 w�th EEG �	�r�d w�th FES h	s 	ls� b��n us�d t� 	�t�v	t� sh�uld�r
m�v�m�nts thr�ugh st�mul	t��n �f d�lt��d 	nd su�r	s��n	tus mus�l�s[21, 22].

Stud��s h	v� ut�l�z�d m��r��l��tr�d� 	rr	6s �m�l	nt�d �n th� m�t�r ��rt�� �r �m�l	nt�d EQ�G gr�ds �	�r�d w�th FES
t� ��ntr�l th� m	gn�tud� 	nd t�m� ��urs� �f 	rm m�v�m�nts, �n�lud�ng r�	�h�ng 	nd gr	s��ng [41, 42, 47]. Q�rt��	l
m��r��l��tr�d� r���rd�ngs fr�m M1 h	v� 	ls� b��n d���d�d t� �r�du�� gr	d�d f�r�� �n wr�st m�v�m�nts, m�v�ng �	st
b�n	r6 fl����n 	nd ��t�ns��n m�v�m�nts[48]. Th�s� s6st�ms h	v� 	ls� b��n ��mb�n�d w�th ��m�ut�r v�s��n t� �r�du��
m�r� t	rg�t�d gr	s��ng m�t��ns[31].

In �	t��nts w�th str�k� �r s��n	l ��rd �njur6 (SQI), stud��s h	v� sh�wn �m�r�v�d 	ss�st�v� m�t�r r�h	b�l�t	t��n
�ut��m�s wh�n und�rg��ng m�t�r tr	�n�ng �	�r�d w�th 	n EEG-FES n�ur�- m�dul	t��n [49-52]. F�r ��	m�l�, 	 �	rtl6
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�m�l	nt�d n�ur	l b6�	ss �	�r�d w�th n�n�nv	s�v� FES ��uld 	ll�w 	 �	r	l6z�d ��rs�n t� ��rf�rm ��m�l�� wr�st 	nd h	nd
m�v�m�nts, 	s ����s�d t� s�m�l� ��t�ns��n �r fl����n m�v�m�nts[6]. W�th th� s	m� �	t��nt, 	n ����r�m�nt sh�w�d th	t
�l�n��	l 	ss�ssm�nt s��r�s ��uld b� �m�r�v�d �v�r t�m� b6 us�ng 	 ��rt��	l �m�l	nt-b	s�d n�ur	l b6�	ss [40]. Q�l	�h�s’
stud6 	dd�d 	n�th�r m�v�m�nt t� th� �r�g�n	l s�� m�v�m�nts b6 us�ng m��r��l��tr�d� 	rr	6 r���rd�ngs �	�r�d w�th 130
FES �l��tr�d�s t� �n	bl� th� �	t��nt t� 	�t�v	t� 7 d�ff�r�nt h	nd m�v�m�nts �n >�ut�n’s stud6[17]. �dd�t��n	l 	�t�v�t��s
�f d	�l6 l�v�ng w�r� 	�h��v�d b6 ��mb�n�ng FES w�th 	 n�ur��r�sth�s�s �n	bl�ng th� �	rt����	nt t� ��rf�rm 	�t�v�t��s l�k�
wr�t�ng 	nd f��d�ng[35]. �dd�t��n	ll6, ��ntr	l �	tt�rn g�n�r	t�rs (QYG) �l	6 	 r�l� �n n	tur	l rh6thm�� m�v�m�nts, su�h
	s sw�mm�ng, w	lk�ng, 	nd s�r	t�h�ng[53]. Ith�r stud��s h	v� �m�r�v�d l�w�r ��tr�m�t6 m�t�r 	b�l�t6, su�h 	s
���rd�n	t�ng d�rs�fl����n �n �	t��nts w�th f��t dr�� t� �m�r�v� g	�t [54-57]. EEG-FES n�ur	l b6�	ss�s h	v� 	ls� b��n
us�d t� ��ntr�l 	bd�m�n	l mus�l�s f�r �m�r�v�d r�s��r	t��n �n �	t��nts w�th t�tr	�l�g�	[39].

2) Q�rt��	l ←→ S��n	l N�ur	l >6�	ss�s
Q�rt��	l-mus�l� n�ur	l b6�	ss �s th� m�st ��mm�n n�ur	l b6�	ss �n l�t�r	tur�, but ��rt��	l- s��n	l ��nn��t��ns h	v�

	ls� sh�wn �r�m�s� f�r furth�r 	��l��	t��n. Y	d	v’s d�m�nstr	t��n sh�w�d th	t r	ts ��uld d�s�r�m�n	t� s�ns�r6
�nf�rm	t��n d�l�v�r�d b6 d�rs	l ��lumn st�mul	t��n (DQS), wh��h w	s tr	nsm�tt�d t� th� br	�n[58]. Furth�r r�s�	r�h
��uld �nv�lv� s��n	l ��rd r���rd�ngs �	�r�d w�th br	�n st�mul	t��n t� tr	nsm�t s�ns�r6 �nf�rm	t��n 	nd b6�	ss d	m	g�d
n�ur	l �	thw	6s. Q�rt��	l-s��n	l b6�	ss�s �	n b� 	�h��v�d thr�ugh ��rt��	l r���rd�ngs f�ll�w�d b6 s��n	l st�mul	t��n.
Knuds�n d�m�nstr	t�d th	t �	r	l6z�d r	ts ��uld �r�du�� t�m��r	ll6 �r���s� h�ndl�mb m�v�m�nts fr�m �nf�rm	t��n
�bt	�n�d v�	 s�ns�r�m�t�r ��rt�� �l��tr�d�s tr	nsm�tt�d t� ���dur	l lumb	r s��n	l st�mul	t��n[59]. Q	��gr�ss� r�st�r�d
w��ght-b�	r�ng l���m�t��n �n 	 m�nk�6 us�ng 	 m��r��l��tr�d� 	rr	6 �	�r�d w�th ���dur	l lumb	r �l��tr�d�s[45].
>�n�zz	t� �r�v�d th	t br	�n-��ntr�ll�d s��n	l ��rd st�mul	t��n �mm�d�	t�l6 �n	bl�s m�v�m�nts �f �	r	l6z�d l�gs 	nd
�m�r�v�s r���v�r6[60].

3) Q�rt�� → Q�rt�� N�ur	l >6�	ss�s
Q�rt��-t�-��rt�� n�ur	l b6�	ss�s 	r� 	 �r�m�s�ng 	r�	 f�r furth�r r�s�	r�h 	nd 	ss�st�v� 	��l��	t��ns. In v�tr� stud��s

h	v� sh�wn th	t tw� n����rt��	l ��ll ���ul	t��ns �	n r�g	�n b�d�r��t��n	l d�	l�gu� thr�ugh 	�t�v�t6-d���nd�nt
b�d�r��t��n	l st�mul	t��n[61, 62]. r�w�v�r, J	�ks�n d�m�nstr	t�d th	t 	n 	rt�f���	l ��nn��t��n b�tw��n tw� m�t�r ��rt��
s�t�s �	n f	��l�t	t� 	 st	bl� r��rg	n�z	t��n �f m�t�r �ut�ut �n fr��l6-b�h	v�ng �r�m	t�s[63]. Th�s �r���ss us�s 	n
	ut�n�m�usl6 ���r	t�ng �l��tr�n�� �m�l	nt r���rd�ng 	�t��n ��t�nt�	ls t� tr�gg�r �l��tr��	l st�mul�. Th�s �n v�v� �v�d�n��
�f 	�t�v�t6-d���nd�nt �l	st���t6 	nd �ts r�l	t��n t� ��rt��	l r��r�s�nt	t��ns ��uld �	v� th� w	6 f�r 	ss�st�v�
n�ur�r�h	b�l�t	t��n 	ft�r �njur6. S6n	�t�� r�l	t��nsh��s �	n b� f�rm�d 	�r�ss d�st	n��s thr�ugh r�bb�	n n�ur	l �l	st���t6
us�ng 	rt�f���	l n�ur	l ��nn��t��ns.

4) Y�r��h�r	l → Q�ntr	l N�ur	l >6�	ss�s
Yr�v��us stud��s h	v� ���l�r�d st�mul	t�ng th� s�m	t�s�ns�r6 ��rt�� t� �r�	t� t	�t�l� ��r���t��ns[64, 65], but th�s�

�ft�n ��m� fr�m �r�sth�t�� l�mbs �r 	rt�f���	l st�mul�, n�t ��r��h�r	l n�rv�us s6st�m r���rd�ngs. D�v���s l�k� ���hl�	r
�m�l	nts �r r�t�n	l �m�l	nts ��uld b� ���n-l��� s6st�ms th	t ��ll��t ��r���tu	l �nf�rm	t��n 	nd d�l�v�r �t t� th� n�rv�us
s6st�m. Futur� ��r��h�r	l-s�ns�r6 	��l��	t��ns ��uld �nv�lv� r���rd�ng fr�m ��r��h�r	l s�ns�r6 �rg	ns l�k� th� r�t�n	 �r
���hl�	 	nd d�l�v�r�ng th� st�mulus t� �r�m	r6 s�ns�r6 	r�	s t� b6�	ss d	m	g�.

5) �ut�n�m�� N�ur	l >6�	ss�s
Yr�v��us r�s�	r�h h	s d�m�nstr	t�d th� f�	s�b�l�t6 �f th�r	��s����� �nj��t��n �f th�r	��ut��s f�r n�ur�m�dul	t��n �f

th� s6m�	th�t�� n�rv�us s6st�m [66]. Futur� stud��s ��uld us� th�s t��hn�qu� t� d�v�l�� n�ur	l b6�	ss�s f�r ��nd�t��ns
l�k� SQI, �	lm	r h6��rh�dr�s�s, 	nd 	ut�n�m�� d6sfun�t��n, but n� stud��s h	v� 6�t d�v�l���d n�ur	l b6�	ss �f th�
	ut�n�m�� n�rv�us s6st�m.

6) Int�r-subj��t N�ur	l >6�	ss�s
N�ur	l b6�	ss�s h	v� b��n d�m�nstr	t�d b�tw��n subj��ts, 	ll�w�ng n�ur	l �nf�rm	t��n t� b� tr	nsm�tt�d b�tw��n

th� n�rv�us s6st�ms[67]. Th�s �	n b� 	�h��v�d b6 r���rd�ng v�su	l �v�k�d ��t�nt�	ls �r m�t�r �m	g�r6 w�th EEG fr�m
�n� �	rt����	nt 	nd th�n tr	nsm�tt�ng �nf�rm	t��n t� 	 s��	r	t� �	rt����	nt us�ng TMS t� ��rf�rm ���rd�n	t�d t	sks 	nd
�r�bl�m-s�lv�ng[68], [69-71]. TMS �s 	��l��d t� th� m�t�r ��rt�� �r v�su	l ��rt�� t� �ndu�� s�ns�r6 ��r���ts, su�h 	s
�h�s�h�n�s �n th� r����v�ng �	rt����	nt [68-72]. Gr	u us�d th�s� m�th�ds t� tr	nsm�t w�rds l�k� 'h�l	' 	nd '��	�' 	t 2-3
b�ts ��r m�nut� b�tw��n �	rt����	nts[72]. L�� us�d f��us�d ultr	s�und t� st�mul	t� th� s�m	t�s�ns�r6 ��rt�� �n 	
�	rt����	nt ��rf�rm�ng 	 ���rd�n	t�d t	sk w�th 	 s���nd �	rt����	nt ��rf�rm�ng m�t�r �m	g�r6 EEG 	t 	 r	t� �f 8
��mm	nds ��r m�nut�[25]. Th�s� t	sks �	n b� ��rf�rm�d �n r�	l-t�m�, 	s sh�wn b6 subj��ts su���ssfull6 �l	6�ng g	m�s
l�k� ‘20 Qu�st��ns’ �r T�tr�s-l�k� g	m�s w�th u� t� thr�� �	rt����	nts thr�ugh br	�n-br	�n �nt�rf	��s[68], [71].Th�s�
	rt�f���	l n�ur	l ��nn��t��ns h	v� b��n d�v�l���d 	�r�ss s�����s, >6 r���rd�ng m�t�r �m	g�r6 �r SSVEYs w�th EEG,
[73]. s�m� r�s�	r�h�rs sh�w�ng th	t hum	ns �	n d�r��t 	 r	t thr�ugh 	 n	v�g	t��n �nv�r�nm�nt b6 st�mul	t�ng �ntr	��rt��	l
�l��tr�d�s �n th� r	t[74-76] S�m�l	rl6, Y�� sh�w�d th	t 	 hum	n ��uld ��ntr�l th� m�v�m�nt �f 	 r	t’s t	�l w�th 94%
	��ur	�6 b6 us�ng EEG �	�r�d w�th f��us�d ultr	s�und st�mul	t��n[73]. Ith�r 	uth�rs h	v� ��rf�rm�d n	v�g	t��n t	sks
w�th ���kr�	�h�s d�r��t�d b6 SSVEY r���rd�ngs fr�m hum	n EEG[77]. >6 us�ng ��t�g�n�t��s �n th� nu�l�us �n��rtus �f
tw� m��� 	ll�w�d th�m t� m�m�� l���m�t��n w�th 	n �nf�rm	t��n tr	nsf�r r	t� �f 4 b�ts/s���nd[78]. F�n	ll6, Y	d	v
d�m�nstr	t�d 	 br	�n-t�-s��n� �nt�rf	�� wh�r� t	�t�l� 	nd 	rt�f���	l s�ns�r6 �nf�rm	t��n ��uld b� d���d�d b6 �n� r	t's
br	�n 	nd d�l�v�r�d t� 	n�th�r r	t's s��n	l ��rd, ��t�nt�	ll6 tr	nsm�tt�ng �r�sth�t�� �nf�rm	t��n b�tw��n br	�ns/s��n	l
��rds[58].
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Im	l�%�t��ns f�r S	�n�l J�rd Injur� �nd Str�k 
S��nt	n��us rh6thm�� 	�t�v�t6, su�h 	s w	lk�ng, h	s b��n d�m�nstr	t�d t� b� f�	s�bl� �n �h��ks w�th ��m�l�t� s��n	l

��rd �njur6[79]. N�ur	l b6�	ss�ng ��uld r�-�st	bl�sh suff����nt �n�ut t� 	�d m�b�l�t6, w�th s�m�l� sust	�n�d g	�t b��ng
f�	s�bl� wh�n us�ng 	 s�m�l� Y��ss�n �	tt�rn[80]. Th�s ��uld h	v� br�	d-r�	�h�ng �m�l��	t��ns f�r �s�	 � 	nd > s��n	l
��rd �njur6 �	t��nts. �dd�t��n	ll6, th� m�dul	t��n g	�n 	s �utl�n�d 	b�v�, ��uld 	�d �n r�turn �f s�ns�r6 fun�t��n[81].
R���nt w�rk h	s �nv�st�g	t�d st�mul	t��n 	l�ng th� m�t�r str�� t� 	�d �n s�m� r�turn�d fun�t��n	l �	�	��t6, w�th stud��s
sh�w�ng r�turn �f 	rm fun�t��n �n 	 ��rv��	l s��n	l ��rd �njur6 m�d�l[13]. � r���nt stud6 ��nf�rm�d �r��f �f ��n���t �n
hum	ns 	s w�ll[82]. Yr�m	r�l6 th�s h	s b��n f��us�d �n gr	s��ng �bj��ts 	nd 	ss�st�d t6��ng f�r ��mmun��	t��n. �s
t��hn�l�g6 �m�r�v�s, tr	ns�t��n�ng �nt� s�m�l� w	lk�ng �	r	d�gms m	6 b� f�	s�bl�. Q�mb�n	t��n 	��r�	�h�s w�th st�m
��ll �m�l	nt	t��n 	r� �n th��r �nf	n�6, but �n�t�	l �nn�v	t��ns h	v� b��n �r�m�s�ng[83].

Im	g�ng h	s �m�r�v�d t� d�t��t d	m	g�d ��r�u�tr6 ��st n�ur�l�g�� �njur6[84], w�th th� b�n�f�ts �f �nt�rv�nt��n b��ng
t�m�-d���nd�nt t� r�-�st	bl�sh ��nn��t��ns �r��r t� r�w�r�ng th	t ���ur 	ft�r �njur6, su�h 	s str�k�. . Q�n���tu	ll6, th�
��nn��t��ns 	r� st�ll v�	bl� f�r ��st str�k� m�t�r 	nd s�ns�r6 d�f���ts 	s w�ll �f tr�	tm�nt �s �m�l�m�nt�d �	rl6 	nd �n 	
b�d�r��t��n	l m	nn�r[85]. E	rl6 n�ur	l �nt�rf	�� 	d	�t	t��ns h	v� b��n us�ful �n b6�	ss�ng d	m	g�d ��r�u�tr6[2], 	nd
�	rl6 �n�t�	t��n �f 	 n�ur	l b6�	ss �n �	ts r�st�r�d �h6s��l�g�� fun�t��n �f th� m�t�r un�t[86]. Tr	ns�r	n�	l d�r��t �urr�nt
st�mul	t��n �n hum	ns h	s �r�l�m�n	r�l6 sh�wn b�n�f�t �n 	�d�ng n�ur�l�g�� r���v�r6 ��st-str�k�[87]. Wh�n ��mb�n�d
w�th f	��l�	t�r6 r�b�t��s th� �ff��ts 	r� �v�n m�r� �r�n�un��d [88]. Im�l��	t��ns f�r �m�r�v�ng 	�h	s�	 	r� 	ls� �r�m�s�ng
	nd �s 	 t���� �f �ng��ng �nv�st�g	t��n [89]. 	nd th� �r	 �f n�n-�nv	s�v� br	�n st�mul	t��n t��hn�qu�s �s �m�rg�ng w�th
s�v�r	l r���rts sh�w�ng �	rl6 �ff��	�6[90]. Fr�m th� f��ld �f �r�-�l�n��	l m�t�r m	���ng, d�ndr�t�� ��r�u�tr6 h	s sh�wn
r�bust r�s��ns� t� st�mul	t��n �ff�rts[91].

ah R�l �f N ur�	l�st�%�t� �s 8�ndr�n% �r 8 l	
N�ur��l	st���t6 h	s h�nd�r�d th� d�v�l��m�nt �f n�ur	l b6�	ss�s du� t� th� n��d f�r d	�l6 r�tr	�n�ng 	nd r��	l�br	t��n

�f d���d�ng m��h	n�sms. rum	ns h	v� 	 un�qu� 	b�l�t6 t� us� t��ls, wh��h m	6 b� b	s�d �n th��r n�ur	l r��r�s�nt	t��n
�f �bj��ts 	nd t��l-s����f�� m�t�r r��r�s�nt	t��ns �n th� br	�n[92]. N�ur	l b6�	ss r�s�	r�h h	s �r�m	r�l6 us�d ���st�ng
m�t�r r��r�s�nt	t��ns, su�h 	s n�ur	l r���rd�ngs f�r gr	s��ng 	�t��ns, r	th�r th	n d�v�l���ng n�w m�t�r r��r�s�nt	t��ns
s����f�� t� th� n�w n�ur	l �r�sth�t�� t��l. Stud��s �f hum	ns w�th �r�sth�t�� l�mbs h	v� sh�wn n�ur	l r��r�s�nt	t��ns
s����f�� t� th��r �r�sth�t�� r	th�r th	n b��l�g��	l l�mb, 	s s��n wh�n th� �r�sth�t�� d�ff�rs fr�m 	n 	�tu	l l�mb �n f�rm[93].
Yr�m	t� 	m�ut	t��ns h	v� 	ls� sh�wn th	t th� �r�m	r6 m�t�r r��r�s�nt	t��n �f b�d6 �	rts 	r� �l	st��, 	s n�ur	l r�g��ns
	r� r�d�str�but�d t� n�n-	m�ut	t�d f�ng�rs[94]. Th�s n�ur��l	st���t6 w�th�n n�ur	l r�g��ns h	s l�m�t�d th� 	dv	n��m�nt �f
n�ur	l b6�	ss�s. Futur� stud��s m	6 	�m t� �nh	n�� th� 	��l��	b�l�t6 �f n�ur	l b6�	ss s�lut��ns b6 d�v�l���ng gr�	t�r
n�ur	l-��m�ut�r �nt�gr	t��n t� ut�l�z� �l	st���t6 	nd d�v�l�� n�w 	r�	s �f n�ur	l r��r�s�nt	t��n f�r th� n�w t��l.
�dd�t��n	l 	��r�	�h�s t� m	n	g�ng n�ur��l	st���t6 �n�lud� n�ur	l n�tw�rk d���d�ng m�th�ds th	t �v�lv� �n r�	l-t�m�
w�th �h	ng�ng n�ur	l s�gn	ls �r us�ng r���rd�ng thr�sh�lds 	s 	 'n�ur	l sw�t�h' th	t 	ll�ws n�ur��l	st���t6 t� s�lf-�r��nt
s�gn	ls 	nd 	�t�v	t� �r d�	�t�v	t� th� f���d sw�t�h.

J�n%lus��n
Wh�r�	s ���n l��� s6st�ms �ntr�du�� �r ��tr	�t d	t	 fr�m 	 n�ur	l s6st�m, 	nd �l�s�d-l��� s6st�ms r���rd, m�dul	t�,

	nd d�l�v�r n�w �nf�rm	t��n t6���	ll6 t� th� s	m� l��	t��n, n�ur	l b6�	ss�s 	r� 	 un�qu� t6�� �f n�ur�m�dul	t��n wh��h
	�ms t� tr	nsm�t n�ur	l d	t	 fr�m �n� l��	t��n �n th� n�rv�us s6st�m t� 	n�th�r. Th� m�st ��mm�n m�th�d �f n�ur	l
b6�	ss t� d	t� �nv�lv�s �r	n�	l EEG �	�r�d w�th FES 	t th� l�v�l �f th� mus�l� t� r��r�du�� �nt�nd�d m�v�m�nts 	ft�r
n�ur�l�g�� �njur6. r�w�v�r, th�r� �s �v�d�n�� �n th� l�t�r	tur� f�r th� d�v�l��m�nt �f ��rt��	l- s��n	l b6�	ss�s, ��rt��	l-
��rt��	l b6�	ss�s, ��r��h�r	l-��ntr	l b6�	ss�s, 	ut�n�m�� b6�	ss�s, 	nd �nt�r-subj��t b6�	ss�s . Th� m�st ��mm�n
d�s�	s� �nt�t��s �n th� l�t�r	tur� 	r� s��n	l ��rd �njur6, str�k�, ��r�br	l �	ls6, 	nd tr	um	t�� br	�n �njur6, th�ugh n�ur	l
b6�	ss�s ��uld 	ls� 	�d �n s�v�r	l 	dd�t��n	l n�ur�l�g�� ��nd�t��ns. Th�r� �s 	 w�d� v	r��t6 �f m�th�ds 	nd t��hn�l�g��s
us�d t� d�v�l�� n�ur	l b6�	ss�s, 	nd m�r� w�rk �s n��d�d t� d�v�l�� h�gh r�s�lut��n r���rd�ng 	nd st�mul	t�ng d�v���s
	s w�ll 	s ��m�	r	t�v� stud��s 	�r�ss d�ff�r�nt m�th�d�l�g��s. � s�gn�f��	nt n��t st�� �n �n�r�	s�ng th� �r���s��n �f n�ur	l
b6�	ss t��hn�l�g��s w�ll b� t� m�b�l�z� r���rd�ng 	nd d���d�ng str	t�g��s th	t 	r� un�nh�b�t�d b6 n�ur��l	st���t6.
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