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²ª^e- (TMS)´�«æ^>^��3�M�½«��)^|�e-�ª. TMS �£��n´ÏL>^a
A�)�^u ²��	\>|?
K� ²�?è. ,
8c TMS aA	>|UC ²�?è�S3ÅnÿØ
�Ù. ïÄL², ²�?èd ²���>å©Ä�Ånû½. �©ïá
 TMS aA	>|�^e��� ²�
�., æ^�²¡©ÛÚ©
©Û�{, ïÄ
	>|�^e ²��>å©Ä��ÄåÆÅn, ¿lKe> �
ØÓÄåÆA5lf>6¿��Ý�«
 TMS aA	>|�^e ²��>å©Ä��)nÆÅn.

'�c: ²ª^e-, �>å©Ä�Ån, �� ²��., Ke>6¿�

PACS: 87.50.C−, 87.85.dm, 87.19.ld

1 Ú ó

²ª^e- (TMS)´�«ÃÛ!ÃM�ÉÚ
£��{, ®²3�K° ¾! ²;¾9xE+
�¼�@� [1−3]. ØÓuDÚ��ÄP¹ ²>
¹Ä��{, ~XM>ã (EEG)!õUØ^��¤
� (fMRI) ÚM^ã (MEG) �, TMS´�«ÌÄ�
 ²e-�{ [4−6]. TMS ����3A½MõU
«�ª�þ�, �Cz�>6BL����)��
>^| [7,8]. �â{.1½Æ, >^|3�M¥�
±aAÑ�^u�M�� ²��	>| [9]. TMS
ÏL3�M��[�	aA�>|K� ²��
�>�ª?
UC ²�?è, l
��£�;¾
�8� [10,11].

�, TMS ®²2�/A^u ²;¾�K
£�Ú�M@��ÆïÄ¥, ,
 TMS K� ²
�?èl
£� ²;¾�S3Ån8cÿØ
�Ù [3−11]. n)�M�� ²�é	.&E�
?è�ª, = ²?è, ´�M@�Ú�aïÄ

¥�'�¯K [12−15].  ²�ÏL�)äkØÓ
�>�ª�Ä�> S�édäâÑ\�&E
?1?è [16−19]. �â ²���>ªÇ fout �
e->6rÝ Istim �'X­�, Hodgkin � [20]

Ú Izhikevich[21] ò ²�©�na: I a ²��
�>�ªäkëY� fout-Istim ­�; II a ²�
��>�ªäkØëY� fout-Istim ­�; III a 
²��>�ª� fout-Istim ­���½Â.

l��5ÄåÆ�Ýw, ØÓ��>�ª�
�)�Ï´ ²�ÏLØÓ��>å©Ä�Ån
�)�> [22−25]. 3 Hodgkin ½Â�na ²�
¥, I a ²���>å©Ä�Ån´ØC�þ�
Q(©
 (saddle node on invariant circle bifurcation,
SNIC), II a ²���>å©Ä�Ån´æ�
. Hopf ©
 (sub-critical hopf bifurcation), III a 
²���>å©Ä�Ån´O©.�B� (quasi-
separatrix crossing, QSC)[26−28]. 8c®kïÄL²,
 ²�ØÓ�>�ª�)�Ke> ?äkØÓ
ÄåÆA5�lf>6�m�p�^k' [29−33].
Kelf>6¿��ØÓ(Jû½ ²�±Ø
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Ó�>å©Ä�Ån�)�>, ?
�)
ØÓ
��>�ª [34−38]. ,
8c��kïÄ�9	
>|�^e ²���>å©Ä�Ån, ¿�	
>|K� ²�,¯5�)nÆÄ:�Ø�Ù.
�
)ûù�¯K, �©©OlÄåÆÚ)nÆ�
ÝïÄ TMS aA	>|�^e ²���>å©
Ä�Ån, ïá ²?è� ²�)nÆÄ:�m
�xù, ±Jø�«é TMS aA	>|K� ²
?èÅn�)º.

du ²�U
�)´Lõ���>�ª, Ï
dïáØÓ� ²��.£ã ²���«�>
�ª´ ²�Æ�Ì�ïÄÃã [39−44]. 8c®
²ïá� ²��.¥, k
�.U�{/Ey
 ²���«�>�ª, �du�Ä�
K� 
²��>�ÃõÏ�, Ïd�.E,, Ø|uæ^
�²¡�{ü�{é ²���>å©Ä�Ån
?1©Û, ~X Hodgkin-Huxley (HH) �. [42]. 

{ü� ²��.qJ±�) ²���«�>
y�, ØUé ²��>Ä�Ån?1�¡£ã,
~X FitzHugh-Nagumo (FHN) �. [43,44]. Prescott
� [19] JÑ��UéÐEy Hodgkin �na ²�
�>�ª����� ²��., 3ù��.¥,
�IUC�.���'�ëê, ÒU¦ ²�3n
«ØÓ�>å©Ä�Ån�m=�, 
��.(�
{ü, 3���²¡þ�±=ÏL*	ùü�Cþ
�"����ª���.�ØÓ�>å©Ä�Å
n. �©3���.Ä:þïá TMS aA	>|
�^e��� ²��., Äuù��.é TMS
aA	>|�^e ²��>å©Ä�Ån?1
ïÄ.

2 �� ²��.��>å©Ä�Å
n©Û

2.1 ������   ²²²������...(((���

�� ²��.Xe¡��§|¤« [19]:

CdV /dt = Istim − Ifast − Islow − Ileak,

Ifast = gfastm∞(V )(V − ENa),

Ileak = gleak(V − Eleak),

Islow = gsloww(V − EK),

dw/dt = ϕw
w∞(V ) − w

τw(V )
,

m∞(V ) = 0.5
[
1 + tanh

(V − βm

γm

)]
,

w∞(V ) = 0.5
[
1 + tanh

(V − βw

γw

)]
,

τw(V ) = 1/cosh
(V − βw

2γw

)
, (1)

Ù¥ V �L ²��>Ø, C � ²��>N,
w �Lú>6 Islow �-¹Cþ, m �L¯>6 Ifast

�-¹Cþ, Ifast L«�¹äk¯ÄåÆ�>6�
8Ü, Islow L«�¹äkúÄåÆ�>6�8Ü,
Ileak L«Ù¦lf>6�8Ü, Istim �Le->
6, τw, τm ©O� w, m ��m~ê, gfast, gslow,
gleak �éAlf>6�>�, Efast, Eslow, Eleak �
éAlf>6��>³, ϕw, γm, γw ��'-¹C
þ�Xê, βw ��.�'�ëê.

3�.¥=UC βw ÒUEy Hodgkin ½Â�
n« ²��>�ª. ã 1 �na ²���>�
ª9ÙéA� fout-Istim ­�. ã 1(a) ¥�ãL«
 ²��'�ëê βw = 0���>�ª, Ù fout-
Istim ­�ëY, � Hodgkin ½Â� I a ²�; ¥ã
L« ²��'�ëê βw = −10���>�ª,
Ù fout-Istim ­�ØëY, � Hodgkin ½Â� II a
 ²�; mãL« ²��'�ëê βw = −20�
��>�ª, Ù fout-Istim ­��½Â, � Hodgkin
½Â� III a ²�.

3 TMS aA	>|�^e�� ²�
�.ïá

3.1 TMS aaaAAA			>>>|||���^̂̂������

TMS 3�MA½«�aA>|�L§�: TMS
C��)�^óÀ3�M��aAÑ>|, �>|
BL ²��[����)ª�>6. ïÄL²,
�éu¶�>|e-, ²�éî�>|e-�\
Ø¯a [4]. Ïd�©�ÑR�u[���>|e
-. �aA>|�[��>{��^�, �)�¶
�>6��

Ĩa =
E · a
ra

, (2)

Ù¥ ra �ü �Ý�¶�>{, E �aA>|,
a �¶��ü �þ. �â�Ä>CnØ [4], ¶�
>6�)�N\[��>6�

ĩm = −∂Ĩa

∂a
, (3)

Ù¥ a �÷Xn����. ò (2) � (3)ªÜ¿, �
�

ĩm = − 1
ra

∂(E · a)
∂a

. (4)
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ã 1 Hodgkin na�>�ª9Ù fout-Istim ­� (a) na�>�ª; (b) fout-Istim ­�

ò (4)ª¦±�>{ rm, �±�� TMS aA>|
é[��> �UCþ

Ve = −rm

ra

∂(E · a)
∂a

. (5)

(5) ªL«d	>|�)�[��4z�A, �±
wÑ, TMS é ²��K�rÝû½uaA>|÷
¶�����êÚ[��kA5. Ïd, TMS aA
>|�^e ²��> �

Vm = V + Ve, (6)

Ù¥ V L« TMS e-\\�c ²��> .

3.2 TMS aaaAAA			>>>|||���^̂̂eee������   ²²²������
...(((���

�â±þ©Û, �©ïá�	>|�^e��
 ²��.�

CdVm/dt =Cd(V + Ve)/dt

= − Ifast − Islow − Ileak,

Ifast = ḡfastm∞(V )(V + Ve − ENa),

Ileak = gleak(V + Ve − Eleak),

Islow = ḡsloww(V + Ve − EK),

dw/dt =ϕw
w∞(V ) − w

τw(V )
. (7)

du�©X­ïÄ TMS aA	>|é ²
� , ¯ 5 � K �, Ï d - � . ¥ � 	 \ e - >
6 Istim = 0. 3¢SA^¥, �C TMS 3[�
�þaAÑ�6	>|. éu�C TMS e-/ª,
�©�aAÑ��6	>|��u�6>|

Ve =
A

2π
sin(2πft), (8)

Ù¥ A � TMS aA	>|Ì�, f � TMS aA	
>|ªÇ.

e¡ïÄ�C TMS aA��6	>|�^e
� ²��>�ª, 
�ÏLÄåÆÚ)nÆÅn
©Û�« TMS aA	>|�^e ²��>å©
Ä�Ån.
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4 TMS aA	>|�^e�� ²�
�.�>å©Ä�Ån©Û

4.1 TMS aaaAAA���666			>>>|||���^̂̂eee   ²²²������
>>>���ªªª©©©ÛÛÛ

�6	>|/ªX (8)ª¤«. �ïÄ�u�
6	>|�^ena ²���A, ã 2 L«

3ØÓ	>|Ì��¹ena ²��ÑÑ�>
ªÇ fout ��6	>|ªÇ f �m�üzL§,
Ù¥J�L«ÑÑ�>ªÇ�Ñ\	>|ªÇ�
' K = fout/f . 3$ª	>|��S, na ²
��>ªÇ�	>|ªÇÑLyÑ p : 1 £�y
� (p > 1), ¿��X	>|ªÇO\,ÑÑ�>ª
Ç fout ÷XØÓ�£��Ç (Xã 2 ¥J�¤«)

O\. ?�ÚO\�6	>|ªÇ, na ²��
>ªÇ��6	>|ªÇ¥y 1 : 1 £�'. �O\
�6	>|ªÇ�,�A½ªÇ�, na ²�þ
Ê��>,  ²��>Ø¥yKe��y�. �X
�u�6	>|Ì�O\, na ²�¥y� 1 : 1
£�G����«mÅì*�.

�
�Ð/Ð«	\	>|�^ena 
²��>�ª��É, �©±�
34$ª	>
| (f = 0.01 Hz) �^e, ±�� ²��.'�ë
ê βw Ú	>|Ì��ëê�na ²��>çx
ã, Xã 3 ¤«, Ù¥ôÚ�f�L ²��>ª
Çp$. lã 3 ¥�±wÑ, I a ²���>ªÇ
²wpu II aÚ III a ²�, II a ²�U
3
�°�	>|Ì���S­E�>, III a ²�U

3�r�K�	>|�^e�±�>.

ã 2 TMS aA�6	>|�^ena ²��>�ª (a) I a ²�; (b) II a ²�; (c) III a ²�

ã 3 TMS aA4$ª	>|�^ena ²��>ª
Ç�	>|Ì�'X

4.2 			>>>|||���^̂̂eee   ²²²������>>>ååå©©©ÄÄÄ���ÄÄÄ
åååÆÆÆÅÅÅnnn©©©ÛÛÛ

�
�«z�a�>�ª�)¤éA��>
å©Ä�Ån,Äk©ÛØÓ�>�ª�)�Äå
ÆÄ:. Ï��.´���,  ²���>å©Ä
�Ån�±d V "�Ú w "�����ª5)

º [30−32]. "�´��m¥��¦Cþ��ê� 0
�:�pë�
¤�­�.

ã 4(a1)—(a3) �3�6	>|�^ena 
²��>Ø V �-¹Cþ w 'X��²¡©Ûã.
ã¥�/CzL«K��6	>|rÝÅìO�
�ª³, o«�/�¢�©O�L\\éArÝ	
>|�� V "�, çÚJ��L w "�. mã©O
L«éA�	>|rÝ (V e ) � ²��>Ø (V )
�©
©Û, ã¥�Ú¢�ÚfÚJ�©O�L²
ï:Ú4��, ü�©
:�m�²ï:�Ø­½
�²ï:.

lã 4(a1)—(a3) ��²¡©Û�±wÑ, I a
 ²�3�6	>|\\�c (V e = 0 mV), V "
� (çÚ¢�) � w "� (çÚJ�) ��un�²
ï:, l��m©O�­½�(: (çÚ s)!Ø­
½�Q: (çÚ u)!Ø­½�Q: (çÚ u). �6
	>|\\�� V "�Åìþ£, V "�� w "
���:¥­½�(:Ú¥mØ­½�Q:Åì
�C. ���1���.�� (V e = −17 mV), ­
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½�(:Ú¥mØ­½�Q:u)-E
��, /
¤
­½�4�� (fÚ:y�)©V "� (�Ý/
¢�) � w "���umýØ­½�Q: (çÚ u),
 ²��> 3ù�²ï:?uØ­½G�, ��
�6Äò¦ ²�lmù�:÷­½�4���
±Ï$Ä, l
/¤­E�>, éAã 4(b1) ¥�Q
(:©
. �K�	>|Ì���1���.�
� (V e = −40 mV), V "� (���¢�) � w "
���:dØ­½�Q: (çÚ u) C�­½�(
: (çÚ s), ²�ò­½uù�²ï:, ²��
> ?u·EG�, ­E�>Ê�, éAã 4(b1) ¥
� Hopf ©
©

aq/�±©Û II aÚ III a ²���>å
©Ä�Ån, II a ²�3	>|\\�c, "�

m��:���­½�(: (çÚ s). 3K�	>
|rÝÅìO\�ü��.��, �:a.©Od
­½�(:C�Ø­½�Q: (çÚ u) ÚdØ­
½�Q:C�­½�(: (çÚ s). 3ùü�	>
|rÝ��.�?, ²�©Om©­E�>Ú£
�·EG�, ©OéAã 4(b2), (b3) ¥�ü� Hopf
©
©III a ²�3	>|\\�c, "�m��
:���­½�(: (çÚ s). 3K�	>|rÝ
ÅìO\�ü��.��, �:a.©Od��­
½�(:C���Ø­½�Q: (çÚ u) Úd�
�Ø­½�Q:C���­½�(: (çÚ s) Úü
�Ø­½�Q: (çÚ u). 3ùü�	>|rÝ�
�.�?, ²�©Om©­E�>Ú£�·EG
�, ©OéAã 4 mã¥� Hopf ©
ÚQ(©
.�� � �� � �� � �� � �� �� � � � �

�� � �� � �� � �� � �� 	� � �

 � � � 
 � � 
 � � � � � � �

 � � � 
 � � 
 � � � � � � �

 � � � 
 � � 
 � � �� 
 � �

� 
 � �
� 
 � �

� � � �
� � � �
� � � �

� � � �
�� � �� � �� � �� � � � � � � � � � � �

� � � � � � � � �
� � � � � � � � �

� � �� ���

 � � 
 � � � � �
 � � �
 � �
 � ��� ��� ��

�� ��
�� �� 
 � � 
 � � 
 � � � � �
 � � �
 � �
 � ��� �


 � � 
 � � 
 � � � � �
 � � �
 � �
 � ��� � � � � �
� � � �

� � � �
� � � �

��  ! " # $ % &�  ! " ' $ % &�  ! " ( ) % &�  ! $ % &
��  ! " # $ % &�  ! " ' # % &�  ! " * + % &�  ! $ % &

��  ! " # $ % &�  ! " ' , % &�  ! " * + % &�  ! $ % &
ã 4 TMS aA	>|�^ena ²�ÄåÆÅn©Û (a1)—(a3) �²¡©Û; (b1)—(b3) ²�©
©Û
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lã 4(b1)—(b3) �©
©Û��, 3 TMS a
A�6	>|�^e, I a ²���>å©Ä�
Ån´Q - (:©
, II a ²���>å©Ä�
Ån´æ�. Hopf ©
, III a ²���>å©
Ä�Ån´æ�. Hopf ©
.

Äu±þé�>å©Ä��ÄåÆÅn©Û,
�±)º�6	>|�^e ²���>�ª. �
�>Ø���>K��, ²��>Ø·EG��
²ï:�»��� ²��)Ä�> , l
/¤
­E�>. 3$ª�6	>|�^e, ��u	>
|Å/�þ,��L�>K��, na ²�©O
ÏLQ(©
½ Hopf ©
�)Ä�> , ,��
u	>|Å/�eü�°Ä ²��>Ø£�·
E�> . ��6	>|ªÇþ,, 3�u	>|
Å/���±ÏSna ²�Ñ�U�)��Ä
�> . ù«�¹�)��Ï´3�> ��4z
�ã (�6	>|�þ,�) vkv
��m>u
�õ��>, ���> ��4z�ãò¬¦ ²
��> ?u�>K�±e, ³��>��).

4.3 			>>>|||���^̂̂eee   ²²²������>>>ååå©©©ÄÄÄ���²²²
ïïï:::­­­½½½555©©©ÛÛÛ

l±þÄåÆÄ:©Û�Ñ,  ²��­E
�>´d²ï:�­½5�»�¤�), 
ØÓ
��>å©Ä�Ån»�²ï:­½5�å»Ø
Ó [33−35]. Ïd, �±l	>|�^»�XÚ²ï
:­½5�ÝïÄ TMS aA	>|�^ena 
²�ØÓ�>å©Ä�Ån�)��Ï.

�
�BïÄ, ò�§| (7) ¥� ²��>
Ø�§�¤

C
dV

dt
= −Iion(V + Ve, w), (9)

Ù¥ Iion(V + Ve, w) = Islow + Ifast + Ileak ´ TMS
aA	>|�^e ²�¤klf>6�8Ü.

�Ä��é²ïG��6Ä (υ(t), ω(t)) ��
^,É�6Ä�XÚ�²ï:�

(V (t) + Ve, w(t)) = (V0 + υ(t) + Ve, w0 + ω(t)).

²LO��±��

C
dυ

dt
= − Iion(V0 + Ve, w0)

− ∂Iinst

∂V

∣∣∣(V0 + Ve, w0)υ

− ∂Iinst

∂w

∣∣∣(V0 + Ve, w0)ω, (10)

Ù¥ Iinst = Iion(V + Ve, w0) � TMS aA	>|
�^e ²��]�>6. éu�§| (7) ¥� w

CþÓ�k
dω

dt
= φ

w′
∞

τw
υ − φ

τw
ω. (11)

K²ï:?�ä�'Ý
 P �

P =


− 1

C

∂Iinst

∂V
− 1

C

∂Iinst

∂w

φ
w′

∞
τw

− φ

τw

 (V0, w0). (12)

²ï:�­½5dä�'Ý
 P �A�� λ1,
λ2 û½, λ1, λ2 �Ý
 P �1�ª det P Ú, trP
�'X�

det P = λ1 · λ2, (13)

trP = λ1 + λ2. (14)

¦²ï:��­½5�å»kü«: 1)λ1, λ2

¥k��� 0, = det P = 0, �=u)Q - (©
;
2) Re(λ1) = Re(λ2) = 0, Im(λ1,2) 6= 0, = trP = 0,
�=u) Hopf ©
.

Ä u ² ï : ­ ½ 5 © Û, � © J Ñ � « Ä
u TMS aA	>|�^e]�>6 Iinst -¹­
�� ²��>å©Ä�Ån�½�{, �æ^ä
�'Ý
 P �é��þ���ÒU�½3�½K
e> ?´Äu)Q(©
½ö Hopf ©
 [35−37],
O�Ú½Xe.

I. �ä±þ�^� 1)´Ä÷v, =3�½Ke
> ?´Ä�)Q - (©
, du

det P =
φ

τw

1
C

∂Iss

∂V
, (15)

Ù¥ Iss(V ) = Iion(V +Ve, w∞(V )) � TMS aA	
>|�^e ²��­�>6. ¤±k

det P = 0 ⇔ ∂Iss

∂V
= 0. (16)

Ïd, XJäk�üN�3Ke> ?�34�:
�­�>6-¹­�, @oTa ²�òÏLQ -
(©
�)­E�>.

II. XJ
∂Iss

∂V
6= 0, =Ø÷v^� 1) ²��

­�>6-¹­�´üN�, K�ä^� 2)´Ä÷
v, ²LO���

trP = − 1
C

(∂Iinst

∂V

∣∣∣(V0, w0)
)
− φ

τw

∣∣∣(V0). (17)

� (17) ª�(J����, ²ï:�­½5Ï
L Hopf ©
�»�, =

− 1
C

(∂Iinst

∂V

∣∣∣(V0, w0) + kl

)
>

φ

τw

∣∣∣(V0). (18)
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Ïd, XJ3Ke> ?äkv
Í��]�>6
-¹­�, @oTa ²�òÏL Hopf ©
�)
­E�>.

III. � (17)ª�(J�K��, ²ï:�±­
½, Øu) Hopf ©
, =

− 1
C

(
∂Iinst

∂V

∣∣∣(V0, w0) + kl

)
<

φ

τw

∣∣∣(V0) + d. (19)

Ïd, XJ3?¿Ke> ?Ñäk��²��]
�>6-¹­�, @oTa ²�ò?u·EG�,
Ø�)­E�>.

Ïd, 	>|�^ena ²��©
a.�
±d (16)—(19)ª(½, ÏLO�	>|�^e 

²�]�>6Ú­�>63Ke> ?��Ç, �
±�« ²�ØÓ�>å©ÄåÆÅn�)�)
nÆÄ:.

4.4 			>>>|||���^̂̂eee   ²²²������>>>ååå©©©ÄÄÄ���KKK
eee>>>666¿¿¿���©©©ÛÛÛ

l)n�Ýw, ���.¥Ä�> ��)Å
n�, 3�>Ø?uKe> �, ¯>6��Ù¯
�ÄåÆ'ú>6�¯�-¹, r¦�>ØlKe
> ?,p, �)Ä�> �þ,�; 
3Kþ>
 ?ú>6���-¹, ÓâÌ�/ , r¦�>
Ø£�Ke> ?, /¤Ä�> �eü�. Ïd,

� � � � � � � � � �� � � ��� � �
� � � � � � � � � � � � � �� � � �

� � � � � � � � � �� � � � � � � � � � � � � �� � � �
� � � � � � � � � �� � � � � � � � � � � � � �� � � �

	 
� �
���
� � � ��� � �	 
� �
���
� � � ��� � �	 
� �
���

� � � ��� � �	 
� �
���
� � � ��� � �	 
� �
���
� � � ��� � �	 
� �
���

� � � � � � � � � �� � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � �
� � � � � � � � � �� � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � �� � � � � � � � � � � �� � � � � � � � � �� � � � � � � � �  � �� � � � � � � � � �

� � � � � � � � � � � �� � � � � � � ! � �� � � � � � � � �  � �� � � � � � � ! � � � � � � � � � � � �� � � � � � � ! � �� � � � � � � � � � � �� � � � � � � ! � �

� � � � � � � � � � � �� � � � � � � � � �� � � � � � � � �  � �� � � � � � � � � �" # � $ " % � $
" # � $ " % � $" # ! $ " % ! $

ã 5 TMS aA	>|�^ena ²��>å©Ä�Ån)nÆÄ:©Û (a1)—(a3) ¯!ú>6�Ke-¹­
�; (b1)—(b3) ]�!­�lf>6�Ke-¹­�
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 ²���>å©Ä�L§�Ke> ?lf>
6�¿�k' [38,39]. duû½ ²��>å©Ä
�Ån�­�>6 Iss Ú]�>6 Iinst Ñ´d¯
úlf>6±9¦>6|¤, Ïd, ¯úlf>6
�-¹­��±û½ ²��>å©Ä���)
Ån, l
��
ØÓ��>�ª [40−42]. ÏL©
Û TMS aA	>|�^e ²�Kelf>6¿
�, �±�«	>|�^eØÓ ²��>å©Ä
�Ån�)nÆÄ:.

ã 5 �L TMS aA	>|�^ena ²�
lf>6��>Ø V 3Ke> ?�'Xã. l
ã 5(a1)—(a3) �±wÑ, 3 TMS aA	>|\\
�, I a ²�ú>6 Islow �-¹> ��£Ä,
3Ke> ?ú>6vk�-¹, Ïd3Ke> 
?¯>6ÃI�ú>6¿�B�Úu­E�>. ù
��
éAã 5(b1)—(b3) ­�>6 Iss �-¹­
�´�üN�, ¿�3Ke>Ø?�34��, 3
4��?÷v (16)ª, u)Q - (:©
.

\\ TMS aA	>|�, II aÚ III a ²�
�¯>6 Ifast -¹­�3Ke> ?'\\	>
|�c�\Í�, K�ÇO\, ¯>6�ú>63
���Ó�Ke> ?-¹, 3Ke>6�¿�¥
¯>6Óâ`³, ­��¯>6�±�Lú�K�
"�)­E�>. ù¦�éAã 5(b1)—(b3) ]�>
6 Iinst �-¹­�3Ke> ?��Çü$, C�
�\Í�. � TMS aA	>|rÝO\�v
�,
±°Ä�>Ø��÷v (18)ª�Ke> ?�, �
) Hopf ©
.

5 ( Ø

�©ïá
 TMS aA	>|�^e��� 
²��., ©Û
 TMS aA�6	>|Ú�u/
ª�6	>|�^e ²���>�ª. æ^�²
¡©ÛÚ©
©Û�{ïÄ
ØÓ�>�ª�Ä
åÆÅn, ¿ÏL²ï:­½5©ÛJÑ
�«Ä
ulf>6-¹­�� ²��>å©Ä�Ån
�½�{, l
ïá
�>ÄåÆÅn� ²�)
nÄ:�m�éX. ÏLKe>6¿�©Û, �«

 TMS aA	>|�^e ²�ØÓ�>å©Ä
�Ån�)nÆÅn, =	>|3Ke> ?K�
 ²�lf>6¿��ØÓ(J��
ØÓ�>
�ª��).

l�©�©Û(J�±wÑ, TMS aA>|�
^é ²?è�K������!TMS Å/�Ï
�k'. Ïd, �±Äu�© TMS aA>|K��
� ²�,¯5�(J, A^ fMRI �M¤�Eâ
Ú��nØg�, �éäN ²;¾A5Ïé�`
� TMS e-��Úe-Å/. �©¥)nÆÅn
ïÄ(JL², TMS aA>|�^eé ²�?è
�K�� ²�[�)nÆ�kA5, XKe> 
?lfÏ�ÄåÆA5k'. Ïd, �±3 TMS �
^�¸e�O)n¢�, æ^�¡b!�e�Eâ
UCØÓlf>6�ÄåÆA5 [45], l
K� 
²���>å©Ä�, é�©�)nÆ©Û(J?
1�y.
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Action potential initial dynamical mechanism analysis
in a minimum neuron model exposure to TMS

induced electric field∗
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Abstract
Transcranial magnetic stimulation (TMS) is a kind of brain stimulation method of producing magnetic field at the designated

area of brain employing electromagnetic coils. The principle of TMS is to apply an electric field which is generated through the

electromagnetic induction to neuron, thereby influencing the excitability of neuron. Though it has been used for decades, its underlying

mechanism, i.e., how TMS induction electric field changes neuronal excitability, is still unknown. To address this problem, we establish

a minimum neuron model under action of TMS induced electric field, analyze the mechanism from the viewpoint of action potential

initial dynamical mechanism which has been proved to be the decision factor of neural coding in previous studies. Through phase

plane and bifurcation analysis, we reveal the dynamical mechanism of different firing patterns of neuron. Finally, we find that the

physiological basis of different excitabilities under action of TMS induced electric field, which is the different outcomes of competition

between ion currents of neuron with different kinetic behaviors in sub-threshold potential.

Keywords: transcranial magnetic stimulation, action potential initial dynamic mechanism, minimum neuron
model, sub-threshold current competition
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