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± Luo-Rudy � I %9�.�Ä:, ïÄ%9¥Ú^ÅÚ��·b���, JÑ
ü«���{: (.) ÏL�O
UC[�	alfßÝ5�)²¡Å, 2|^f	>|9Ï²¡Å³�Ú^ÅÚ��·b; (/) kJp[�	al
fßÝ, ,�|^	>|-uÅ��ª�)²¡Å, 2^²¡Å�³�Ú^ÅÚ��·b. ïÄ(JL², ��·�
ÀJ��ëê, ùü«�{ÑU
k�³�Ú^ÅÚ��·b. �%*ÑyÛÜ"É�, 3%*"É?Ò¬Ñyp
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1 Ú ó

¯¤±�, �%9>&Ò¥ÑyÚ^Å�, %
9òÑy%¿%ÄL� (¿�), �Ú^Å�­»�
/¤��·b�, òÑy%¿n�5�Ä (¿�),
¿��3á�mSö�<�)· [1]. %*|�´
�«�-u0�, 
)�-u0�¥Ú^Å�Ä
åÆ1�, ¿JÑk�³�Ú^Å��{, é�Ø
%9¥Ú^ÅÚ��·b>&Òk­�¿Â. î8
��<�JÑ
õ«³�Ú^ÅÚ��·b��
{ [2−5], éu���A*ÑXÚ, �±æ^�mF
Ý|6Ä [6,7]!ëê6Ä [8]!±Ï&Ò°Ä [9] �
�{. éu%9XÚ, �±^?lfÚalfÏ�
{¢J5³�%9�¿� [10]. ©z [11] JÑ¦^
Wlf-ÄJ³�%9¥�Ú^ÅÚ��·b, 

�KþKÏ~æ^	Ü>Â [12] ÚS�%9Ø�
¤ [13]. du%9�E,5, ò3Ù¦0�¥�k�
³�Ú^Å��{^u%9¥Ú^Å�³��, �
UC�Ø´�©k�. ~X: |%ÄL�åÈ�¤
õÇÏ~�k 80%, §Ã{ª�pª�%ÆØà9
%¿n�5�Ä [14]. ïÄ�uy, �Ï¦^|%Æ
�~�Ô¬»�%*|�¥�lf²ï, �¾<�

54��B�^, k��¬��¿�. >ÂØ��,
põÇóÀ�^�%9þØ=�¾<�5
4�
�Û£, 
��U��%*ÛÜ�k, �±�%Æ
L�îe
Û�. JÑ{ük�³�%9¥�Ú^
ÅÚ��·b��{EI�?�ÚïÄ.

1998 c White � [15] 3 Á � ¥ * 	 �, �
\��	>|�±3��%*mä? (Ãâ�
�) ��%*��-u, �)���	DÂ�Å.
1999 c Pumir Ú Krinsky[16] |^	>|3æNÔ
L¡NC�)-uÅ�A:, ¢y
Ú^Å��¹
S. 2007 c Pumir � [17] ^ù«	>|3"� (dÃ
*ÑõU�0��¤) NC�)-uÅ��{ (¡
�>|��Åu�) ª�
%9¥Ú^Å>&Ò,
Ïd¦�@�, ù«ª�Ú^Å��{k�U¤�
�«�K¦^�{, Ïd�CéÉ�0�þ�Åu
�¯KÚå<��'5 [18], �´Åu��Å�I
�?�ÚïÄ.

ï Ä L ² [19], � % 9 Ñ y : 5 " É �, %
* [ � 	 � a l f ß Ý � l � 5 mmol J p
� � 15 mmol, · E � � >   l −82 mV J p
� −50 mV. Ïd·�|^%*[�	�alf
ßÝ�·E��> �ù«'X, JÑü«�)²
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¡Å�#�{, ¿^²¡Å5ª�%9¥�Ú^
ÅÚ��·b. b�3%9S�3��¬É�0
� ("�), "�S	Ø[��	alfßÝk��
��O	, Ù¦ëê�Ó. 1�«�{´, ¦"�S
[��	alfßÝ�±ÏCz, ��"�S[�
±Ï5�-u�)²¡Å. 1�«�{´, ¦"�
S%*[��±�p�	alfßÝ, |^þ!�
±Ïf	>|3"�NC�)²¡Å. ïÄL²,
3·�ÀJ��ëêe, ùü«�{Ñ�±k�ª
�%9¥�Ú^ÅÚ��·b. du�±ÏL�
%9Ñ\Åza5Jp[��	alfßÝ, Ïd
·�JÑ����{´�1�. e¡k0��.
Ú���{, ,�0�ê��[(J, ��´·�
�(Ø.

2 �.Ú���Y

Luo Ú Rudy u 1991 cJÑ��U'�Ð/
�N%¿[��> Cz�êÆ�., T�.�¡
� L-R � I %9�. [20]. �©æ^T�.5ïÄ
���mþÚ^ÅÚ��·b�³�, �\	>|
��.�§C�

dV

dt
= − 1.0

Cm
(INa + ISi + IK

+IK1 + IKp + Ib) + D∇2V

+ε(t)
∂V

∂x
, (1)

ª¥ V ��m>Ø (ü : mV), D = 0.001 cm2/ms
´*ÑXê, t ��m (ü � ms), ε(t) �	>
|rÝ, ��mCz, Cm = 1.0 µF/cm2 �[��
�>N; I �Lª�lf>6 (ü : µA/cm2), Ù
¥ INa = ḠNa ·m3 · h · j · (V −ENa) �¯�S1?
lf>6, ISi = ḠSi · d · f · (V −Esi) �ú�S1W
lf>6, IK = ḠK ·X ·Xi · (V −EK) �¹�	1
alf>6, IK1 = ḠK1 · K1∞ · (V − EK1) �Ø¹
�	1alf>6, IKp = ḠKp ·KP · (V −EKp) �
�Úalf>6, Ib = Ḡb · (V − Eb) ��µ>6,
Ù¥ m, h, j, d, f Ú X ´�Cþ,÷vXea.�
�©�§:

dy/dt = αy(1.0 − y) − βyy,

y �L�Cþ. 3þã>6�§Ú�Cþ�§¥,
K1∞, Xi, KP, αy Ú βy ��>Øk'�¼ê; Ḡ �
��lf>6éA���>�Ç, E ���lf>
6éA�UdA²ï> . 3 L-R � I �.¥ ḠNa,

Ḡsi, ḠKp, Ḡb, Eb �~ê, Ù¦lf>6��>�
ÇÚ²ï> K�6ulfßÝ, O�L�ªXe:

ḠK = 0.282

√
[K]o
5.4

,

EK =
RT

F
ln

[K]o + PRNaK.[Na]o
[K]i + PRNaK.[Na]i

,

ḠK1 = 0.6047

√
[K]o
5.4

,

EK1 =
RT

F
ln

[K]o
[K]i

,

EKp = EK1,

ENa =
RT

F
ln

[Na]o
[Na]i

,

Esi = 7.7 − 13.0287 ln[Ca]i,
d[Ca]i

dt
= −0.0001Isi + 0.07(0.0001 − [Ca]i),

ª¥ R = 8314 J/kmol, K ´íNÊ·~ê, T = 310
(K) ´ ¿ §, PRNaK = 0.01833 � Na/K � ß 5
'Ç, F = 96485(C/mol) ´ Faraday ~ê, 
�l
fßÝ�: [Na]i = 18 mmol, [Na]o = 140 mmol,
[K]i = 145 mmol, [K]o = 5.4 mmol, Ù¥�eI i L
«[�S, eI o L«[�	.

�©ralf���>�Ç�O�ªU�:

ḠK = 0.705

√
[K]o
5.4

, ¦�3�|�þU/¤2?\

Å. ÀWlf>�Ç Ḡsi ��Nëê, 	alfß
Ý [K]o Ú	>|rÝ ε ���ëê, Ù¦ëê�
©z [20] �Ó. 3þãëê�ÚÃ	|��¹e,
� 0 6 Ḡsi 6 0.043 mS/cm2 �, XÚ��3Ú^Å,
XJ Ḡsi > 0.043 mS/cm2, KXÚ¥�Ú^Åòd
u�­»�
/¤Ú^Åë6� (��·b).

3 $ ^ ê � � { ) � § (1) �,
� 8.4 cm×8.4 cm � � � � � � m ¿ l Ñ z
¤ 300×300 � � :, � m Ú � � ∆x = ∆y =
0.028 cm2, ��mÚ�� ∆t = 0.01 ms, ¦^Ã
6>.^�. �m¦�¦^�� Euler �c�©
{, �m���êæ^¥%�©�{, ���æ
^ Lax-Wandrof �ª [21], =

ε(t)
∂V

∂x

∣∣∣∣
(i,j)

= − ε(t)
2∆x

(Vi+1 − Vi−1)

+
ε2(t)∆t

2∆x2
(Vi+1 − 2Vi + Vi−1),

(2)

Ù¥ (i, j) ��:�I�ê.
�
ª�%9¥�Ú^ÅÚ��·b, 30

���>.?�äk 10×300 ��:��^/«
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� Ω, UCT«�S[�	�alfßÝ [K]o, Ù
¦ëêØC. duT«�0�5��Ù¦«�ØÓ,
T«�¡�"�. �\��c, �½�[�	al
fßÝ� [K]o = 5.4 mmol, UC��[�	alf
ßÝP� [K]′o. ¦^Xeü«���{.

� { (.) [ � 	 � a l f ß Ý Ú > | �
OCz

[K]o (t) =

 [K]′o if nT 6 t 6 nT + 30,

5.4 mmol if nT + 30 < t < nT + T ;

(3a)

ε(t) =

 ε′ if nT + 30 6 t 6 nT + 40,

0 other;

(3b)

ùp, [�	palfßÝ±Y�m� 30 ms, [�
	�alfßÝJpÏmØ\>|, \>|�8�
´�
¼�Ï"�²¡Å.

�{ (/) alfßÝâCÚ>|�OCz

[K]o (t) =

 5.4 mmol t = 0,

[K]′o t > 0;
(4a)

ε(t) =

 ε′ if nT 6 t 6 nT + 10,

0 other;
(4b)

3þã�{¥, 	>|±Y�m�½� 10 ms, ±�
[>ÂØ���>|±Y�m, T ��O±Ï (ü
  ms).

�
£ã���J, ·�½Â�Û �ê:

σ =
1

9 × 104

300∑
i,j=1

∣∣∣∣ 1
2∆y

(V(i,j+1)

−2V(i,j) + V(i,j−1))
∣∣∣∣, (5)

� σ �Cu 0 ½�u 0 �, XÚ��3²¡Å, e
ù��K��, ²¡Åò��, XÚ£�·E�. ¤
±·�@�, σ = 0 éAÚ^Å (½��·b) ®�
³�.

3 ê��[(J

Äk� [K]o = 5.4 mmol Ú Ḡsi = 0.03 mS/cm2

(½ Ḡsi = 0.05 mS/cm2) 30�¥�)Ú^Å (½
��·b), Ð©Ú^Å�ÅÞ u0�¥%NC.
ÏLuÿlÅÞ���,:0� (Ø���5, ù

pÀJuÿ:�I� (75, 75)) ���±Ï, ��Ú
^Å�²þ±Ï�� 54 ms, ë6��²þ±Ï�
� 56 ms. �%*[�	alfßÝ�L 10 mmol
�, �Æþ¡�­ÝpaÉw, �Úå%9ÊÈu
ÓÜG� [22]. dupaÉwé[�Ã�ú, 3k�
Á�¥[�	alfßÝ$��L 100 mmol[23].
�Ä��©JÑ����{ØI�ép�[�	
alfßÝ, 3±e�ïÄ¥� [K]′o 6 22 mmol.

ï Ä L ², = ¦ [ � 	 � a l f ß Ý é
p (X [K]′o > 19 mmol), �©JÑ�1�«���
{�éJ�)'Ú^Å½��·b²þ±Ï$é
õ�²¡Å, ��±�)±Ï$� 46 ms �²¡Å,
ù«ªÇØp�²¡Å3Ã	>|�Ïe, Ã{k
��ØÚ^ÅÚ��·b. 1�«���{3Ã
	>|eØUëY�)²¡Å, �´�X[�	�
alfßÝ�Jp, 3Ø�r�	>|e�±�)
�$±Ï�²¡Å. ~X, � [K]′o = 18 mmol, ¤U
¼���$±Ï´ 40 ms, �eò	alfßÝJ
p� [K]′o = 30 mmol, KU¼��$±Ï� 25 ms.
ã 1 �Ñ
3 T = 65 ms e, ^ØÓ���{�
�Ú^ÅÚ��·b���>| εmin � [K]′o �C
z. 3�½ [K]′o �¹e, ��>| ε(t) > εmin, ü
«�{ÑUª�Ú^ÅÚ��·b, =²¡ÅUò
§�`ÑXÚ. � [K]′o < 16.5 mmol �, �{ (.)
ØU�)±Ï��O±Ï�²¡Å; Ón, [K]′o <

17 mmol �, �{ (/) �ÑyÓ���¹, Ïdã 1
vk�Ñ�A�(J. lã 1(a) �±wÑ, æ^1
�«�{?1���, 3 [K]′o �$�¹e°Ø�
�·bÊH'°ØÚ^ÅI��>|�p�õ,
3 [K]′o > 18 mmol �¤I��>| εmin ��, �
� 0.02. �[��, �k�²¡Å�±Ï�$uÚ
^ÅÚ��·b�²þ±ÏâU¦²¡Åk�³
�§� [24]. 3�©¥, �,²¡Å�±ÏpuÚ^
ÅÚ��·b�²þ±Ï, �´3	>|�^e,
��¡	|Jp
²¡Å�Å�, l
Jp
§é
Ú^Å�ÀÂå; ,��¡, 	|³�
Ú^ÅÚ
��·bé²¡Å��^, ¦�±Ï²¡ÅUk�
ª�Ú^ÅÚ��·b. lã 1(b) �±wÑ, æ^
1�«�{?1���, ^u°Øü«ØÓ�ÅI
����>|�k����É, ¿��X [K]′o �O
\, εmin �A~�. ã 1 ¥­�þ��Ñ�Ñ´ý
é��«. 3­�e�, � ε é�C εmin �, ��3
���¹, �´²¡Å±ÏØ´�O±Ï, ���
m��AO\Nõ. � ε lm εmin ���, �ýé
Ø��«.

100504-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 100504

ã 1 3 T = 65 ms �¹e, ^ØÓ���{��Ú^ÅÚ��·b�, ��>| εmin � [K]′o �Cz �%!/éAéÚ^
Å���, ¢%�:éAé��·b���; (a) æ^�{ (.); (b) æ^�{ (/)

�
é���Jk�*�<�, ã 2 Úã 3 ©
O�Ñ
^�{ (.) ��Ú^ÅÚ��·b�Ø
Ó����>Ø�ã. ã 2 Úã 3 � [K]′o ���
� 18 mmol, >| ε′ ���©O´ 0.05 Ú 0.1. Ù
¥ùü�ã�ã (a) L«�\��c�XÚG�,
ã (d) ´�����ã�m�XÚ£�·E��G
�. lã 2 �±wÑ,Ú^Å3²¡ÅÚ>|�^
e, Äk¬»�¤õ��Ú^Å, ,��²¡Å`
ÑXÚ. XJ>|2f�
,Ú^ÅØ¬»�, �´
���m�A¬O\. ^�{ (/) ��Ú^ÅÚ�
�·b�kaq��J. ã 4 �Ñ
3ã 2 Úã 3
�ëêÚ���{e σ ��mCz�­�. lã 4
�±wÑ, σ ´��ªeü, ù´²¡Å±Ï'�$
���. �1��²¡Å�Ú^Å (½��·b) �
��, σ m©~�, ��²¡Å»�, ù�1��²

¡Å�»��Å���é�, ��»��Å��u
Ð, σ O�, ��e��Å�5, σ qUY~�. lã
�±wÑ, �	>| ε′ 'éA� εmin ��õ�, �
��m�� 0.6 s.

�©¥ü«���{Ñ´ÏL²¡Å5°Ø
Ú^ÅÚ��·b�, �´, ü«�{�)²¡Å
��ª´ØÓ�. �
wÑ²¡Å´XÛ�)�,
·�¦^ØÓ���{3XÚ?u·E�e�)
²¡Å. ã 5 �Ñ
3�� yi = 150∆y, xi = i∆x

(i = 1, 2, · · · , 300) þ�:�>Ø��mCz��
��ã. lã 5(a) �±wÑ, 1�«���{�
OUC"�«�[�	alfßÝ, ¦"�S�
0��O�-u, �)
±Ï� T �²¡Å, 	|
¦T²¡Å¯�DÑ"�, l
�±�)�pÅ
��²¡Å, k|u��. lã 5(b) �±wÑ, 1

ã 2 ^�{ (.) ��Ú^Å�ØÓ����>Ø�ã, ��ëê� [K]′o = 18 Ú ε′ = 0.05 (a) t = 0; (b) t = 300 ms; (c) t =

760 ms, 1Å®��òÚ^Å�Ø, ù����� (=¦ [K]′o = 5.4 mmol Ú ε′ = 0); (d) t = 930 ms, XÚ¡E�·E�

ã 3 ^�{ (.) ����·b�ØÓ����>Ø�ã, ��ëê� [K]′o = 18 Ú ε′ = 0.1 (a) t = 0; (b) t = 250 ms;
(c) t = 866 ms, ù����� (=¦ [K]′o = 5.4 mmol Ú ε′ = 0); (d) t = 1100 ms, XÚ?u·E�
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ã 4 �ã 2 Úã 3 éA���L§¥ σ ��m t �Cz (a) ëê�ã 2 �Ó (��Ú^Å); (b) ëê�ã 3 �Ó (����
·b)

ã 5 ¦^ØÓ���{�)²¡Å� yi = 150∆y ��þ�:�>Ø V ��m t Cz��ã, X L«�m�:î�I
(a) �{ (.); (b) �{ (/)

�«���{ØUC"�«�[�	alfßÝ,
²¡Å�)u"��m>.	ý, ��´	>|3
"�NC��0��-u, �)
±Ï� T �²¡
Å. du�\�>|'��, 3ã¥�*	�3�
\>|Ïm²¡ÅÅ�²w\¯��¹ (ë�ã¥
Å«��é²"/�).

e¡ïÄ�O±Ïé���K�. Ï~, �k
��O±Ï3�½��S, âU�)±Ï��O±
Ï�²¡Å, �O±ÏØÓ, I��>|rÝ�Ø
Ó. ~X�½ [K]′o = 18 mmol, æ^ØÓ���{
��Ú^Å, ����>| εmin � T �CzXã 6
¤«. lã 6(a) ¥�±wÑ, |^�{ (.) ?1�
�, �±Ï�u 50 ms �, Ã{�)±Ï��O±
Ï T �²¡Å, �±Ï3 [50, 70] ms ���, ��
>| εmin ��Ñ´���. ��±Ï�u 70 ms
�, εmin òÑyØÓ§Ý�O\. lã 6(b) ¥�±
wÑ, ^�{ (/) ?1��, � T < 40 ms �, Ã

{3f>|e�)±Ï��O±Ï T �²¡Å,
� T ∈ [42.5, 80] ms �, 3d«mS�±Ï�éA
� εmin �m�OØ�. ã¥vk�Ñ T > 80 ms �
(J, ´Ï�T±Ï®²�puÚ^ÅÚ��·b
�²þ±Ï. �����O±Ï3�½��S��
Ú ε > εmin Ñ�±�����8�.

�Ä�%*"É/¤�"� (palfßÝ
«) �/G´Ø5K�, 
��Å©Ù. ·��ïÄ

�"�Ø´�^/
´��/�, ^1�«��
�{´Ä�±ª�Ú^ÅÚ��·b. ïÄuy�
�"� u0��>, �êþv
õÚ"�v
�,
3·�ÀJ��ëêe, d	>|3ØÓ"�?
�)�-uÅ�±/¤���mDÂ�Å, Ò�
±k�ª�Ú^ÅÚ��·b (�ã 7). lã 7 �
±wÑ, ã¥k 7 �"�, >|¿ØU��zg
ÑU3z��"�?�)-uÅ, �o¬Ñy�

-uÅ, ��3���>|e�Uª�Ú^Å.
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ù
(JL², ���:©Ñ�, �±Jp��
�Ç.

�Ä�W>� Ḡsi �ØÓ�éA�Ú^Å½

��·b�±Ïk¤ØÓ, �©�3W>� Ḡsi �
Ù¦���¹eéÚ^ÅÚ��·b?1
��,
(JL²·�JÑ����{Ó�k�.

ã 6 3 [K]′o = 18 mmol �¹e, ^ØÓ���{°ØÚ^Å� εmin ��O±Ï T �Cz (a) �{ (.); (b) �{ (/)

ã 7 30��3õ���/"�e, ^1�«���{��Ú^Å�, ØÓ����>Ø�ã, ��ëê� [K]′o = 18 mmol
Ú ε′ = 0.08, "��»� 2.52 mm (a) t = 0; (b) t = 200 ms; (c) t = 1815 ms, ù�����; (d) t = 1995 ms, XÚ?u·E�

4 ��Å�©Û

y3·�5©Û^þãü«���{��
oU�)²¡Å. ïÄL², �[�	alfß
Ý?u�~� [K]o = 5.4 mmol �, [��·E
�> �� –84 mV. XJò[�	alfßÝJ
p� [K]o = 16.2 mmol, [��·E�> �A
òJp� –58.40 mV. [�	alfßÝ�p, [
��·E�> �Ò�p, XJ [K]o = 5.4 mmol
Ú [K]o = [K]′o éA�·E�> ��L�~0�
�-uK�, �"�S0��[�	alfßÝ3
�~� 5.4 mmol � [K]′o �m�OCz�, XJ3
zg[�	alfßÝJpc, "�S9ÙNC«
�[���> Ñ�±£�·E���, @o, z
gJp[�	alfßÝ, Ñ¬��0��-u,
ùÒ´1�«�{�±�)²¡Å��Ï. éu1
�«���{, du"�«�[�	alfßÝ©
ª?uép��, 
�Ø¬�-u, ©ª?u·E
�. l
3"���~0�>.�üý, [��·

E�> �3������, 3Ü·�	>|�^
eò�)��-uå, ���"�����~0�
�-u. ùÒ´1�«�{�±�)²¡Å��Ï.

5 ( Ø

·�JÑ
ü«�)²¡Å�#�{, �«´
�OUC[�	alfßÝ5�)²¡Å,,�«
ÏLJp[�	alfßÝ, ^>|-uÅ�ª�
)²¡Å. ùü«�)²¡Å��{, Ñ´|^"
�Sp[�	alfßÝÚ�~[�	alfß
Ý�·E> �5¢y�. ïÄL², ^ùü«�
{�)²¡Å, 3f	>|�^e (·����ë
ê) �±k�ª�%9¥�Ú^ÅÚ��·b. I
�����m�C 1 s. ùa���{�A:´:
(1) ØI�3%9p�\��>4, Ïd����
54���B; (2) I��	>|'�f, �±ü$
é%9|�E¤�³. F"·��(JU��K�
�Ú^ÅÚ��·bJø��Ð�ë�.
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Abstract

Suppressions of spiral waves and spatiotemporal chaos in cardiac tissue are investigated by using the Luo-Rudy phase I model.

Two control methods are proposed. (.) A planar wave is generated by alternately changing the extracellular potassium ion concen-

tration, and then a weak external electric field is used to help plane wave to suppress spiral waves and spatiotemporal chaos. (/)

The extracellular potassium ion concentration is first enhanced. Planar waves are then generated by the wave emission induced by an

external electric field. We use the planar waves to suppress the spiral waves and spatiotemporal chaos. The results show that the control

methods can effectively suppress spiral waves and spatiotemporal chaos when relevant parameters are appropriately chosen. When

regional myocardial ischemia occurs, high extracellular potassium ion concentration will appear where myocardial ischemia occurs.

The methods of wave emission can be used to suppress spiral waves and spatiotemporal chaos in heart in this case. The advantages and

mechanism of the control methods are explained.

Keywords: cardiac tissue, spiral waves, spatiotemporal chaos, extracellular potassium ion concentration
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