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|^U?�£ãü�%*[�SW&Ò�lÑ� fire-diffuse-fire �.Ú�©Û�{, �[ïÄ
W»s�Åº
�A5éWlfÚ^Å�p�-u�^, ïÄ(JL², ·�ªÇ�W»s�±3·E%*[�¥p��)Wlf
Ú^Å; �SÚ�mØÓ�W»sÚå��Û:�Ñy, ´�)Ú^Å�'�; XÚ�Û:��ê�W»sªÇ�
', ¿�éu�½XÚk4��.

'�c: %*[�, W»s, WlfÚ^Å, �Û:

PACS: 82.39.Rt, 87.16.Xa, 89.75.Kd

1 Ú ó

Wlf´2��3�[�­�&¦��, N
! X N õ [ � � ¹ Ä [1−3]. 3 W l f 1 ¦ &
¦õU�, 4��Wlf�aÉì (effectors) (
Ü, Ò U N ! Ã X Î [ � É ° (fertilization)! u
� (proliferation)!DNA =¹ (transcription)![�
�� (metabolism)![�Â  (contraction)!�	
©� (exocytosis) �­��)nL§ [4]. ¿�N!
��mleZ���A�Î¦Ø�. �¤±Wlf
Xd­�, W&ÒÄåÆ¤�)ÔÆïÄ9:��.

3%*[�¥, W¹ÄÐyÑAÏ�/ª. %
*[��(��Ù¦[�ké�ØÓ. %*[�
¥ý�Î/, �Ý� 100 � 150 µm, »�° 20—

30 µm, p� 10 µm. 3»�þ, [�L¡kmå�
� 2 µm � Z �, Z �þ©ÙX�
ò��[�S
Ü��
 T �+ (transverse-tubule), 
3 T �+þ
©ÙX> N�.WÏ� [5], ù
[��þ�W
Ï�q�*��þ�WÏ� —– Xì½ÉN��.

*��þ�WÏ�º�Wlf�L§äk�mÚ
�mØëY5. ÄkÏ�3�mþ´lÑ�, m�
3��þ?, Ùg3�mþ, º�d�gg�mm
��º�¯� —– W»s (Ca2+ spark)(¯���
á�mSlWÏ�º��Wlf)[6] |¤. Ù¸�
WßÝ�� 0.3 µmol/L, ±Y�m�� 20 ms. 3
[��$WßÝ�¹e, W»s3�mÚ�mþ
´Õá��Å©Ù�, �´�[���Û�Wß
Ý,p�, W»sº�L§ÒU
3Wp�Wº
� (Ca2+-induced Ca2+ release, CICR) Ån��^
e, 3C�º�Ï�ëYe�, l
/¤WÅ [7]. ù
«WÅd���üÕ�W»s|¤, Ïd§äka
�ª�Åc [8].

3¹N)ÔXÚ¥, Ú^Åõê´gu�Å�
)�, 'XC�n­à8�Ú^Å��)��Å
5 [9]. ,	���~­��¾ny�X�%9n�
�, gu�É G (ectopic focus) ´Ú^Å�|�
¥%, XÛ�\�Ù
)É G?u)��¹éÝ
ºÚ^Å�A5´�'­��, ,
ù�¡�ïÄ
�vk2�Ðm, <��´��Û:½É G�)
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, �´��o¬3d?�)%vké�Ù�)n
½¾n@£. �©�é%*[�W»s��Åº�
A5, |^U?� fire- diffuse-fire(FDF) �., �[
WÚ^Å�gu�), ¿ÏL�©Û�{ïÄÚ^
Å��)�º� :�ÅA59�Û:nö�m
�'X

2 FDF �.��©Û�{

2.1 FDF ���...

�â%*[�¥Wp�Wº�Å�ÚW»s
�3��*¯¢, Keizer � [10] JÑ
£ã%*[
�SWlf¹Ä�lÑ� FDF �., 3 FDF �.
Ä:þ, Coombes Ú Timofeeva[11] 3 2003 cqò
�.{z. du Keizer �.���5�LuE,,

¢yå5�¤�¤å, Ó� Coombes Ú Timofeeva

�.qLu{z, Ïd·�Äuþãü� FDF �
.?1
�.�U?. 3�.¥�3
 Jserca(W"
A�£ã�), æ^��´ Keize �.¥�/ª, 

Ø´^ Coombes Ú Timofeeva æ^� u/τd , Ï�Ù
/ªLu{ü, ØUý¢�AW"��^, ;.�
y�Ò´�WßÝþ,�K�±þ�, Ï�m��,

�NWßÝeü�ú, XJ´Ú^Å½qÅÑy�,

WßÝ��ép, Ä�þ���LK�, ù´Øý
¢�, ¤±^ Keize JÑ�/ª. du Jleak(*��
¦W6) ��, �ÑÙ�^. éuWÏ�º�A5�
£ãÓ Coombes Ú Timofeeva �.£ã���. ù
����.£ãXe:

∂u

∂t
= − vu4

k4 + u4
+ D∇2u

+
∑
m

∑
n

δ(r − rn)η(t − Tm
n ), (1)

Tm
n (r) = inf

{
t|u(r, t) > uc,

∂u(r, t)
∂t

>0, Tm
n (r) > Tm−1

n (r) + τR

}
, (2)

η(t) =
σ

τ
Θ(t)Θ(τ − t). (3)

(1) ª¥ u �[�SWlfßÝ, t ��m, v �
W"��£ÂW6, k L«W"�Wlf�ÚUå,

rn �Wlfº� : (Wlfº�Ï�, 3%*[
�¥, §�´lÑ©Ù�), Tm

n (r) �1 n �º� 
:1 m gº��m, (2) ª�[)º
º�^�, Ù

¥)Ò¥1�Ü©L«Wlfº��Ï�NCW
lfßÝ��uWº�Ï�K� uc, 1�Ü©Wl
fßÝé�m��©�u 0, L«WlfßÝ3þ
,�� (�
��WÅ£D) WÏ�º�, 1nÜ©
L«Ó�º� :��ügº��mm���u
WÏ�ØAÏ τR, (3) ª¥ σ �oº�rÝ, τ �º
��m, Θ � Heaviside ¼ê, L«Wlfº�/G
��Å, orÝ� σ, �gº��m� τ , ¢S�[
�, (1)—(3) ª¥ëê�ÀJ�©z [12], �,ØÓ
ëê�|Ü, XÚäkØÓ�-uG� [12], ùp·
��½ D = 0.01 (µm)2/ms; σ = 0.3 µmol·L−1 ·µm;

τ = 10 ms; τR = 150 ms; uc = 0.1 µmol·L−1;

v = 1.0 µmol·L−1/s; k = 0.25 µmol·L−1. 3¢S
��[L§¥, ·�vk)�§�), 
´��ò
�©�§�©z, ÏLS�'XòWßÝ�X��
�üC�[Ñ5.

2.2 ���©©©ÛÛÛ���{{{

d«�{�kÑyu�é%9n�y��ï
Ä [13]. 3%9n��, z� :�ª�> ¥y
Ñér�±Ï5��. ù«±Ï5��3���
�m�±w¤��áÚf (attractor), z� :�
&Ò� 7XáÚf|¤�/­�. 3�²¡�
m, z�n�
�±w¤��ÿÀ"� (topologic

defect), q¡�Û:. ÏL�Û:�Ñy����
�ß²
/�än��Ñy���. 3Ï~�¹
e, �-u0��Ä�ü�3��m?u­½:,

��6Ä�LK�, §ÒU
?1�m��. 3±
ÏÄåÆ¥, ò&Ò±��/ªL«´�~{'Ú
k¿Â�. 'X��1��UC¢SþÒ´UC

����  θ(=�­�, phase resetting). éuÚ
^Å
ó, &Ò�´�X�mCz�±Y��, ´
�7XÿÀ"���-u0��-uÚ*Ñ, dÿ
À"��� ´?¿�, ¿��FÝ�Xù:�´
»�^��È©, ��±´ 2 π ½ −2π[14], ©O�
LX^��Ú_��^=�Ú^Å. 3êÆþd:
L«�:

∮
∇θ • dl = ±2π. �ïÄ¥� �O�

d θ = arctan(u(t+ τ)−umean, u(t)−umean) ��,

Ù¥ τ �&Ò���Ø�'�m, ���� 1/4 ±
Ï, umean L«Wlf3[�¥�²þßÝ. |^d
�{�±�Ù©ÛÑXÚÛ:�êÚÚ^Å^=
A:.
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3 (J�?Ø

3¢S�*	L§¥, [�p>�W&Ò¹Ä
´�Ågu�)� [15]. Ïd·��âW&Ò¹Ä
�A:, 3�[L§¥\\
�ÅA5. �ÅA5
�±3Xe�¡Ú\, Äk´W»sº���Å5,

Ï�3¢�¥*	guW»s´�Åº��; ,	
Wº�Ï�W¯a��Å5, �Ò´K��Ø(½
5, =ØÓ�Ï�3ØÓ��Ù>uK�´Ø�½
�, k�½��Å5; �kÒ´ØAÏ�Ø�½5,

�WÏ�º��W»s�, Ù?\ØAÏ, �´Ø
AÏ��m¿Ø´�½ØC�, ØÓ/:ÚØÓ�
�Ñ¬kCz; ¤±3%*[�¥W&ÒD4L§
�¥, �Å5´�~­��, cÙ´Ú^Å��),

Ò´dù
�ÅA:�Óû½�.

3·���[L§¥, ��Ä
W»s��Å
º�A5. 3§S��1L§¥, �Ì�Ú½�1
�º� : ��, �)���Åê, 3�½K�
�¹e, XJ�Åê�uK�, @od?WÏ�º
�, �,dÏ�AT?uØAÏ�	, ù�Ò�±
�)�
�Å�W»s, ù
W»s�X�Åº�
þ�ØÓ�Ug|�¤qÅ!Ú^Å!½·bG
�. 3�©¥¤æ^��Å� P L« 1 s �mS,
� :äkõ�VÇº�W»s, 'X P = 1 L«
z¦Sz�Wº�Ï�k�gº�VÇ.

ã 1 w«
3ØÓW»sº�ªÇe�[
& Ò � � � A 5. � ± w Ñ 3 � Å ª Ç � ~
� (P = 0.05) ��¹e, XÚA�vk��, ó
�kqÅÑy (3 s �m). �XªÇ�,p, NX
m©Ñy��A: (P = 0.1, 0.2, 0.5), ù
���

5KÑy, �
mä. �ªÇO\� P = 1.0 �,

���¸�ÚªÇÒØ@o5K
, �XªÇ�2
O\, XÚC¤�~Ø5K, ¤�·ÏG� (turbu-

lence). ÏL±þ£ã�±wÑXÚ���A5�
W»s�º�ªÇ���'.

�W»sº�ªÇ·Ü�, XÚÒ�±gu�
)qÅ, k�3guW»s�Z6�¹e�1¤Ú
^Å. ã 2 w«
3 P = 0.2 �¹e, ��Ú^Å
gu�)�L§. dL§´gu�)�, �·�¢
�¥*	��y��� [16]. Äk´,?WÏ�º
�W»s (ã 2, 169 ms ã�Þ¤�), ,��C�A
�WÏ�º�, duº�c�W»s�Ï��vk

¡EØAÏ, ¤±#º��W»s/¤�Åc�ä
k¸��Øé¡�Å/, dÅ/UY*Ñ/¤äk
ü�gdà:�1Å, ¿�dugdà:?*Ñ�
A�ØÓ, Ò/¤Ú^Å. dÚ^Å�à:3m©
�ãduÙ¦W»s�Z6¿Ø�½, k���i
r (512—703 ms), �²L�ü�±Ï�, Ú^ÅC
���5K (815 ms), /¤­½�Ú^Å, �,�

gu�W»skZ6�^, �´õê ��W»s
¿ØUK�Ú^Å�3���, �´Ú^ÅÅ:þ
¬k�
mä, �´�kT� � (à:NC) ��
ÅW»sâU¦Ú^ÅUC½�� [17].

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

ã 1 ØÓW»sº�ªÇ^�e�[XÚ���A
:. 3��W»sº�ªÇ� (P = 0.05), XÚvk�
�, �ªÇ·Ü�XÚUk�r��� (P = 0.1—0.5), 

�±Y�m��, �ªÇUYO\XÚ��ÅìC�·
Ï (P = 1.0—2.0) ±�u2±�¤�·ÏG� (P = 5.0)

3XÚ���L§�¥, �Å�W»s�±¦
XÚÑyÛ:, �,¿Ø´z�Û:ÑU�)Ú^
Å, �´Ú^Å��)7L�kÛ:�Ñy [18], @
oïÄW»sÚ�Û:�'XÒC�é­�.

ã 3 w«
3ØÓW»s�Åº�ªÇ�¹
eXÚ;.��Û:©Ù�¹. 3ªÇ�$�, Û
:ê´�~��, �´�XªÇ�O\Û:ê�
¬Cõ. 
3���Û:��¹eâ¬k�§D
Â�Ú^Å (P = 0.1, 0.2), Û:�O\Ò»�

ù«DÂA:, /¤õ�fÚ^Å (daughter spiral

wave). ù«fÚ^Å�,3ëYXÚ¥�dëê
N!¦XÚÑy©

�), ��d�Ú^ÅÅ
:äkî�Ø­½5 [19]. ·���[¢�w«ù
«î��Ø­½5 (=#�"���)) �U´d
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�A : (Wº�Ï�) �ÅA5�)�. �<�
3�.¥\\�½±Ï©Ù�"��, Ú^Å¬�
­ [20], ù�y¢�«��A5U
K�Ú^Å�
N1�.

�Û:�ê8�¬�X�mu)Cz (ã 4),

3�[�m©�ã, �«W»sº�ªÇe, Û:

êÑé� (< 10), �X�m�O\, éu�pª
Ç (P = 5.0) W»s��¹, Û:�êâ,O\, ¿
��±3pêþ. Û:êþ�k�
ÅÄ, ùNy

W»sº���Å5. éu�$W»sº�ª
Ç, Û:êþ��vk��Cz, �±3� êþ
? (P = 0.5, 0.1, 0.2).� � � � � � � � � � � � � � � � � � � � �� � �	 
 
�

ã 2 Ú^Å�gu�Å�). þ1�Ýã�WlfßÝ©Ù, e1�çÚã�� ã, Úç^L«� . duW»s��Åº
�A5, �ÙªÇ·Ü�, Ò�½¬k��þ�g|�1�, /¤Ú^Å. Äk´gd|Ü�W»s (209 ms, �Þ¤�) ¤/¤
�WÅ��·Ü �Ñy�?3ØAÏS�º�«� (169 ms, �Þ¤�), ,�/¤äkü�gdà:1Å (gdàÚ1Å�¤
äk¸���/), ùü�à:3 �ã¥Ò´�Û:, k
Û:��)Ò�U�)±Y�Ú^. �X�m�í£, �ß�Ú^�
)
 (512—815 ms). �[�� 20 µm × 20 µm

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

ã 3 ØÓW»sº�ªÇ�¹eXÚ�Û:�m©Ù�¹. þ1�Ýã�WlfßÝ©Ù, e1�çÚã�� ã, Úç^
L«� . �XW»sº�ªÇ�ØÓ�Û:�õ�u)Cz, �A�Ú^Å�DÂ�ål�u)UC, ��XÚ¿vk­½
�Ú^Å, 
C¤·ÏG� (P = 2.0). �[�� 20 µm × 20 µm
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�� �� �� �� � � � �� � �� � �� � �� � �� � � � � � �� �� � � �	 

ã 4 �Û:êþ��m�Cz'X. ã~¥êiL«W
»sº�ªÇ. 3��W»sº�ªÇ�¹e, �Û:�ê
��måÏ�� (Äê�é�), �ªÇO\��Û:�ê3
�[m©�ãâ,Oõ, ¿�±3�pY², ¿�k�
�
�, ù«��Ny
W»sº���ÅA5. �Û:�ê�
�±Î¦�m�zv�[¥Û:��ê

� � � � � � �� � 	 
�� �� �� �� �
ã 5 �Û:ÚW»sªÇ�m�'X. [Ü­�w«§
�÷v e �ê'X: y = a(1 − exp(−bx)), Ù¥ y ��Û
:�ê, x �W»sªÇ, [Üëê a = 103, IO�� 7,

b = 0.22, IO�� 0.02

�,�Û:�XW»sªÇ�O\
O\, §

��mk�o5ÆQ? ã 5 w«
�Û:zv²
þ�êÚW»s�m�'X, [Ü­�w«�Û
:�êÚW»sªÇ�m¥ e �êO\'X, 'X
ª� y = a(1 − exp(−bx)), Ù¥ y ��Û:�ê,

x �W»sªÇ, [Üëê a = 103, IO�� 7,

b = 0.22, IO�� 0.02. ÏLIO�����±w
Ñ, ­�[Ü��~Ð. ÏL­�ëê��Û:Ñ
y��ê�õ� 103 �, Ïd`²�O\W»sª
Ç�, �Û:¬k4��, Ò´`O\W»sº�
ªÇ¿ØU��O\�Û:�ê, l
�ÒØUO
\Ú^Å��ê.

4 ( Ø

|^U?� fire-diffuse-fire �.Ú�©Û�{
�[ïÄ
ü�%*[�S�ÅÑy�W»sé
WlfÚ^Å�p��^. uy�W»s�º�ª
ÇO\�XÚdØ���5K��2�·bG�
=C, �W»sªÇ·Ü� (P > 0.1), A��SÚ
�mØÓ�W»sU
puXÚ�Ú^Å�/¤.

�©Û�{w«, XÚ�ÿÀÛ:�W»s�º�
ªÇ�', ,
¿Ø�W»sº�ªÇ�O\
�
5O\. [Ü­�w«XÚ��Û:�êk4�
�. l
�±©ÛÑ, Ün³�W»sªÇ, �±~
�XÚ�ÿÀÛ:, ?
~�ÑyWlfÚ^Å�
�U. %*[�ÑyWÚ^Å�, §òØU±�~
(ÆÂ , �Ò��
Ù)nõU, k�U¤�É
 G, ?
¤�Úå%9n��Ú^Å�|�¥%,

�,d[��>�m©�Û����Uk�³�
Ú^Å [21], �´·��ïÄ(JF"U3lfÏ
�Úü[��¡�%9¾�ý�Ú£�Jø�Ï.
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Abstract

Calcium ion spiral wave induced by random released calcium ion sparks in single heart cell is studied using the improved discrete

fire-diffuse-fire model and phase analysis method. The results show that calcium ion spiral wave can be excited in resting heart cell

by calcium ion sparks at an appropriate release frequency. The key of the generation of calcium ion spiral wave is the emergence

of the phase singularity caused by the calcium sparks in the different time and space sequences. The number of phase singularity is

exponentially linked with calcium ion spark frequency, and has the limit in a fixed system.

Keywords: heart cell, Ca2+ spark, Ca2+ spiral wave, phase singularity
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