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1 Ú ó

¯¤±�, %9¾´u¾Çép�;¾��,

Ù¥�Ü©´du%�Ú%¿�2\5%Ç�~
Úå�. 2\5%Ç�~�)%�Ú%¿�%ÄL
�!Ã!ÆÚ¿� [1]. %ÄL��@�´du%*
¥�Ú^ÅÚå�,Ú^Å��»�/¤Ú^Å
ë6� (=��·b) ´¿��Ì��Ï [1], ´�
�%9¾<dk����Ï�. w,, ïÄ�Ø
Ú^ÅÚ��·b��{kXé��nØÚy
¢¿Â. Ïd, %9¥Ú^Å½��·b�³�ï
ÄÉ�
4��'5 [2−6]. %9PÁy�u 1982

c� Rosenbaum � [7] uy±5, Ò���<�¤
'5. %9ÑyPÁ�A�l%>ãþ� T ÅC
zwÑ, T Å´%¿E4¤�)�Å, %>ãþ�
k QRS Å, §´d�!mü%¿�Ø4L§�)
� Q Å!R ÅÚ S Å�¤�Å+. %9PÁ3%>
ãþ�äNLy� [8]: é�LyÑ¾nG��%9
�\%¿åÈe-�ã�m�Ê�e-, %9¡E
�~�5!Æ. 3åÈÊ��, T Å” P4 “
åÈ
�É~� QRS Å/�¿��u)�þ�Cz, = T

Å��. ù« T Å�þUC3%9¡E�5!Æ�

�,¬�±�ã�m, ¤±ù« T Å��¡�PÁ
5 T Å. %9PÁ�©�áÏPÁÚ�ÏPÁü«,

áÏPÁ��±Yê©¨�ê��, �ÏPÁ±Y
��m�±�ê±�ê�Ø� [9]. ïÄL², %9
PÁ�lfÏ�CzÚ¿Yë� (gap junction) �
�k' [8];¿5%ÄL�½¿�!mä5%9�
å{D�{¢�pu%9PÁ [10], Ïd%9PÁ
�Ü©%9;¾kX;�éX, <�Ï"ÏL�\
ïÄ%9PÁ5£�dÚ^Å9Ù»�Úå�
%Æ�~!¿��%9;¾.

Coppen � [11] @�¿Yë����m>Ø�
D4¥0�U´%9PÁu)�Ü . Rosen � [12]

@�¿Yë�XÓ ²â>éPÁ�/¤��é
%9PÁ�kaq�^. �©ÏL3 Luo-Rudy � I

�. [13](±e¡� L-R � I �.) Ú\*ÑÍÜ�
ò´�, ¦%9XÚäkPÁ�A, aq�PÁ�
A� Hövel � [14] ^uïÄÍÜ ²�XÚ�Ó
Ú. ·�uy,�\
PÁ�, %9PÁrÝ�O�
���%*[��¹�	1alf>6�³�,¦
�Ú^Å�ªÇü$, �m>Ø�¸�k¤~�;

3·��ëêe, ÏL%9PÁ�A�±k��Ø
Ú^ÅÚ��·b. e¡k0��©¦^�êÆ�
., ,�?Ø%9PÁéÚ^Å�K�, �X0�

* I[g,�ÆÄ7 (1OÒ: 11165004) ]Ï��K.

† E-mail: tangguoning@sohu.com

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

190501-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 19 (2012) 190501

|^%9PÁ�ØÚ^ÅÚ��·b�(J¿�
Ñ��Ån, ��´�©�(Ø.

2 äkáÏPÁ�%9�.

äkáÏPÁ� L-R � I %9�. [13] �Äå
Æ�§Xe:

dV

dt
= − 1.0

Cm
(INa + ISi + IK + IK1 + IKp + Ib)

+ D∇2V + F (t), (1)

F (t) =rD{∇V (t − τ) + κ[V (t − τ) − V (t)]},

ª¥ V ��m>Ø (ü :mV) D = 0.001 cm2/ms

´*ÑXê, t ��m (ü : ms), Cm = 1.0 µF/cm2

� [ � � � > N, I � L ª � l f >6 (ü  :

µA/cm2), Ù¥ INa = ḠNa ·m3 ·h ·j ·(V −ENa) �¯
�S1?lf>6, Isi = Ḡsi ·d ·f ·(V −Esi) �ú�
S1Wlf>6, IK = ḠK ·X ·Xi ·(V −EK) �¹�
	1alf>6, IK1 = ḠK1 ·K1∞ ·(V −EK1) �Ø
¹�	1alf>6, IKp = ḠKp · KP · (V − EKp)

��Úalf>6, Ib = Ḡb · (V − Eb) ��µ>
6, m, h, j, d, f Ú X ´�Cþ, Ḡ ���lf>
6éA���>�Ç, 3vkAO�Ñ��¹e,

�lf>6¥���Cþ��Ñ�©z [13] ��.

F (t) �PÁ�, Ù¥ r L«PÁrÝ, τ ´ò´��
m (ü : ms), κ �~ê, TPÁ�L«%¿É~-
Äpu
%9PÁ�A. ·��Ï", 3�5�±
ÏL�Ôpu%9PÁ.

�©òalf���>�ÇU� ḠK = 0.705,

�ÀWlf>�Ç Ḡsi ��Nëê. 3þãë
ê��¹e, � 0.0 6 Ḡsi 6 0.043 ms/cm2 �, X
Ú � � 3Ú^ Å; X J Ḡsi > 0.043 ms/cm2, K
XÚ¥�Ú^Åòdu�»�/¤��·
b. 3 � © ¥, Ú^ Å � Ú�� · b � © O é
A� Ḡsi = 0.02 ms / cm2 Ú Ḡsi = 0.05 ms / cm2.

3^ê��{)�§ (1) �, �XÚ�º���
� 6.0 × 6.0 cm2, lÑz¤ N × N = 400 × 400 �
�:, =��mÚ� ∆x = ∆y = 0.015 cm2,�mÚ
� ∆t = 0.01 ms, ¦^Ã6>.^�,�m¦�¦
^��î.�c�©{, �m���êæ^¥%�
©�{, ¿� κ = 4/(∆x)2. ù� F (t) �±�¤l
Ñ/ª

Fi,j(t) =
rD

∆x2
[Vi+1,j(t − τ) + Vi−1,j(t − τ)

+ Vi,j+1(t − τ)

+ Vi,j−1(t − τ) − 4Vi,j(t)], (2)

�
Bu*ÿPÁ�AéÚ^ÅÚ��·b�K
�, ·�½Â>Ø��²þ� σ �

σ =
1

N2

N∑
i,j=1

|V (i, j) − Vrest|, (3)

ª¥ Vrest = −84 mV´[��·E�> , � σ �
Cu 0 ½�u 0�, XÚ?u·E�, L²XÚ¥
�Ú^Å½��·b®��Ø.

3 PÁ�AéÚ^Å�K�

Äk30�¥�)Ú^Å, Ð©Ú^ÅÅÞ 
u0�¥%NC,Ú^Å�ÅÞd�å 2 ms �ü�
����m>Ø��p� (3ùp� V = −45 mV)

�:5(½, ,��Ä%9PÁ. A��Ñ, ü�m
>Ø�p��m��mm�ØÓ, é¦ÅÞ;,k
�½K�, Ø·Ü��mm��UÃ{¦ÑÅÞ�
 �. ùp·�ÀJ 2 ms�mm��©z [15] �
Ó. �Ä�%9PÁéÚ^Å�ªÇ!ÅÞ;,9
�m>ØkK�, ã 1 Úã 2 ©O�Ñ
ò´�
m τ = 1.8 ms ÚØÓPÁrÝeÚ^Å�ÅÞ;
,Ú�m,�: (?¿À�) �m>Ø��m�C
z. lã 1 Úã 2 �±wÑ, �XPÁrÝ�O\,

Ú^ÅÅÞûi�ÌÝ�5��, ÅÞ;,�C�
�Ø5K, ùL²PÁrÝ�O\��Ú^ÅØ
½; �Ú^Å²{��6��, �m>Ø�¸�Ú
Cz�ªÇ�PÁrÝO�Åì~�. ã 3 �
Ñ
Ú^Å�ªÇ ν �PÁrÝ r Cz�� (Ú
^Å�ªÇd�m¥�lÅÞ�?¿�:�m>
Ø�CzªÇ�Ñ), lã�±�Ù/wÑÚ^Å
�ªÇ�PÁrÝO�Åì~�, ù´Ï�PÁ
�A��%*[�E4z��mò�
, ¤±Ú^
Å�ªÇü$
. ã 1 ¥vk�Ñ r = 0.15 ��
ÅÞ;,´Ï�, �\PÁ��, �:��m>Ø
¸��p�$, ��ØUk�¼�Ú^ÅÅÞ�;
,. ê��[(JL², ��\�PÁrÝ�L,
�K� rc �, PÁ�A¬��Ú^Å��,¦XÚ
£�·E�. XJXÚ�Ð�´��·b� (�½
� Ḡsi = 0.05 ms/cm2 �¹), �PÁrÝ�L�A
�K� rc �, PÁ�A�¬����·b��, ù
L²r�%9PÁ�±�ØÚ^ÅÚ��·b.
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ã 1 3 τ = 1.8 ms ÚØÓPÁrÝeÚ^ÅÅÞ�;, (x Ú y ©OL«XÚ��mî�IÚp�I) (a)

r = 0; (b) r = 0.05; (c) r = 0.1
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(d) r = 0.15
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ν

ã 3 3 τ = 1.8 ms �¹eÚ^Å�ªÇ ν �PÁrÝ r

�Cz

4 Ú^ÅÚ��·b���(J

dþ¡�(J��, éu�½�ò´�m τ , �
�PÁrÝ r ���A�K� rc,Ú^Å!��·
bÑ¬��Ø. �

)ØÓò´�m τ e, Ú^
ÅÚ��·b��Ø��¹, ã 4 �Ñ
K� rc �
ò´�m τ �Cz, 3ã¥��þ���,Ú^
Å½��·b�ÏL%9PÁ�ª�Ø. dã 4 �
�, ����·b¤I���PÁrÝÊH�'�
�Ú^Å��
, �Xò´�m�O\, �.PÁ
rÝ rc ��¥�Fªeü. �ò´�m τ ���
u½�u 0.4 ms�, Ã{^%9PÁ�{�Ø��
·b, �ØÚ^ÅKI�é��PÁrÝK�. ±
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þ(JL², �ØÚ^ÅÚ��·b�3���ò
´�m τmin ≈ 0.4 ms.
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ã 4 �ØÚ^ÅÚ��·b�PÁrÝK��ò´�
m�Cz (Ù¥�%!/éAÚ^Å,¢%�/éA��
·b)

�

)%9PÁ�ØÚ^ÅÚ��·b
�¯úÚé��L§k�*<�, ã 5 �Ñ

3 τ = 1.8 ms �¹e�ØÚ^ÅÚ��·bL
§¥>Ø� σ ��m�Cz, ã 6 Úã 7 ©O�Ñ

���ØÚ^ÅÚ��·b�L§¥ØÓ��
��m>Ø�ã. lã 5 �±wÑ,�\���, σ

A�¥��eü, ��3 300 ms �mBü� 0, �

Ò´`, ���m�� 300 ms. lã 6 �±wÑ,Ú
^Å3PÁ�A�^e, �m�:��m>Ø��
£�·E���,Ú^ÅØ�cDÂ. lã7�±w
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σ
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ê r = 0.2; (b) �Ø��·b, ��ëê r = 0.3
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ã 6 �ØÚ^ÅL§¥ØÓ����m>Ø�ã (��ëê� τ = 1.8 ms Ú r = 0.2) (a)t = 0; (b) t = 40 ms;

(c) t = 120 ms; (d) t = 240 ms
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(a) (b)

(c) (d)

ã 7 �Ø��·bL§¥ØÓ����m>Ø�ã (��ëê� τ = 1.8 ms Ú r = 0.3) (a) t = 0; (b) t = 60 ms;

(c) t = 210 ms; (d) t = 330 ms
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Ñ, �Ø��·b�L§��ØÚ^Å�L§Ñk
ØÓ, 3PÁ�A�^e, ��·bÅE,�±D
Â, �´�m>Ø�´é¯ü$�·E���, �
�XÚ£�·E�. A��Ñ, ���ëê3ã 4

��e����, ÑyÚ^Å3%9PÁ�^e
¤£ÑXÚ¦XÚ£�·E���¹.

5 ��Ån©Û

�
éÑ%9PÁ��ØÚ^Å±9��·
b��Ï, ·�*	
�«lf>6��m�Cz.

�PÁrÝO��, ·�*	�?lf>6!Wl
f>6ÚØ¹�	1alf>6�Ìvk��C
z, �kªÇk²w�Cz, ¹�	1alf>
6��ÌÚªÇÑk�©²w�Cz. ã 8 �Ñ

�m,�:3ØÓPÁrÝe¹�	1alf>
6��m�Cz, lã 8 �±wÑ, �XPÁrÝ
�O\, ¹�	1alf>6��Ì�5��, ª
Ç�5�$; �PÁrÝ�LK��, 	1alf
>6�î³�, ��ÅÃ{DÂ, Ïd|^PÁ
�A�±�ØÚ^ÅÚ��·b.

6 ( Ø

�©ïÄ
PÁ�AéÚ^Å��^, uy�
©JÑ�PÁ�AéÚ^Åk���K�"ù

K��), ¦Ú^Å�Ã5Kûi, ��Ú^Å�
ªÇü$"�PÁrÝv
��, |^PÁ�A�
±3á�mS�ØÚ^ÅÚ��·b, �Ï´, p
rÝ�PÁ�A4�/
³�¹�	1alf>
6©�Kþ^	Ü>Â [16] ÚS�%9Ø�¤ [17]

�Ø��·b, õ�¬�¾<�5�½�Û£½B
�^©�©JÑ|^%9PÁ�A�ØÚ^Å9
��·bäk²w�`³, ��¡�ØÚ^ÅÚ�
�·b��m�~á,,��¡���±|^Ú^
ÅÚ��·b5puPÁ�A��), �´XÛJ
pPÁrÝ�I�ÏLïÄPÁ�A�)�Ån
5uy©AO´,´Ä�±ÏL�Ô5JpPÁr
ÝEI�?�ÚïÄ)û©XJù
¯KU
�
�)û, |^PÁ�A�ØÚ^ÅÚ��·bØ�
��«k��{©
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Eliminate spiral wave and spatiotemporal chaos by
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Abstract

Cardiac memory effect, which exhibits the time-delayed coupling of membrane voltage, is introduced into Luo-Rudy phase I

cardiac model. The effect of the cardiac memory on spiral waves is investigated. The numerical results show that the cardiac memory

can lead to irregular meandering of spiral waves. When the delay-time is properly chosen, the increase of memory strength causes the

decrease of spiral wave frequency. If memory strength exceeds the critical value, the cardiac memory results in the disappearances of

both spiral waves and spatiotemporal chaos in system because the time-dependent potassium ion current is over suppressed by cardiac

memory.
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