
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 20 (2012) 208701

¼¼¼���!!!ÆÆÆeee%%%ÇÇÇCCCÉÉÉ555&&&ÒÒÒ������&&&EEEÚÚÚÌÌÌAAA���*

o<† 4�m

( ñÜ���ÆÔnÆ�&EEâÆ�,ÜS 710062 )

( 2012 c 3 � 11 FÂ�; 2012 c 4 � 3 FÂ�?Uv )

)nXÚ�)�E,ÅÄ&ÒU
�NÙd3�ÄåÆA�. æ^Ä�ºÝ�ÚõÇÌ��{©Û 24 h %Ç
CÉ5&Ò. (JL², %9XÚ¼�!Æe)nÚ¾n�Cz��XCz�Ä�ºÝ�ÚõÇÌ©Ù, �´éu
Cq�, ÙCz%Ø²w; Ó�uy, Ä�ºÝ��CzU
�N�A�gÌ ²N��Cz, du¿É5%åP&
�ö�r ²�N��³�, �a ²�N�Ó`³, ¤±êâ¥¬Ñy�õCz�¥þ�ª|Ü, Ïd%åP&
�ö%ÇCÉ5&Ò����p; 3�mZ�G��, du�r ²�N�Or, �a ²�N�~�, ¤±èx<
Ú%åP&�ö�Ä�ºÝ�Ñ'xU�2G���)
eüª³.

'�c: %ÇCÉ5, Ä�ºÝ�, õÇÌ, ¼�!Æ

PACS: 87.85.Ng

1 Ú ó

éu��d ²XÚN��)nXÚ�ÑÑ
&Ò, ~X%9XÚ�%ÇCÉ5 (HRV) &Ò, �
¡� RR mÏ&Ò,   äkE,�ÅÄ/ª, =
¦´èx<3>EG�Úvk	.Z6��¹e,
�~~LyÑE,�ëYÅÄ [1−3]. %Ç�·�
þ (²þ�ÚIO�) ÚÄ�þÑÚ%9�)n!
¾nG�k'. ~X, ¿É5%åP& (CHF) �ö
du�r ²N�É³�¦�Ù%ÇCÉ5&Ò
�²þ�ü$ [4], �%9É�!¾u�xO\�
¦�%ÇCÉ5&ÒäkIO����A� [5,6].

NõïÄöæ^ÄåÆïÄ�{�«Ñèx
<�%aÅÄL§3%9��Å�eäkg�q
(�, ù
ºÝØC5A�¬�XÿÁö�2ÚZ
�G� [7−9]!3Z�ÚZ��ØÓ�ã [10,11]!
� a ² Ú B � a ² { ¢ G � [12]! $ Ä G
� [13,14] ±9¾n^�e, ~X¿É5%åP&
� [15] þ¬u)Cz. Ó�, 3L�� 20 õcuÐ

NõÕA�!|©�O��{^5�O�mS

��E,Ý. �´, �
ÄuÎÒÄåÆ�{��
ÿÝ  æ^·���©�5?1ÎÒz=�, �
�du�mS���²5¦��
k¿Â�
(JÑy � [16]. Ïd·�JÑ
Ä�ºÝ��
�{, ù«�{�I��á�êâÒU¼�k¿
Â�(J, U
¯�!�B/©Û¢S��mS
� [17−19]. �©¥·�¦^Ä�ºÝ�ÚõÇÌ�
�{5©Û%ÇCÉ5&Ò, ïÄxU�2G�Ú
�mZ��¹e�Ä�ºÝ��õÇÌ�Cz, �
«%9XÚ3ùü«G�e� ²N�Ån.

2 êâÚ�{

2.1 ������ÚÚÚêêêâââ

�©¤ k �êâ þ 5 g u Physionet êâ
¥ [20], CHF ��� HRV &Ò�g BIDMC Conges-
tive Heart Failure êâ¥. Têâ¥�) 15 ¶ (11
¶I5, c#� 22—71 �; 4 ¶å5, c#� 54—63
�) Ý¿É5%åP&�ö��� HRV &Ò. è
x<� HRV &ÒK5gu MIT-BIH Normal Sinnus
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Rhythm êâ¥, Têâ¥�¹
 18 ¶ (5 ¶I5,
c#� 26—45 �; 13 ¶å5, c#� 20—50 �) è
x<� HRV &Ò.

2.2 ©©©ÛÛÛ���{{{

2.2.1 ªÌ©Û
HRV &ÒõÇÌ�Ý�O�æ^©z [21] J

Ñ�g£8�., Ï�é HRV �mS�õÇÌ�
OI�Äké�©S�?1��, ¤kêâS�þ
æ^ng�^��, ,�± 4 Hz �ªÇ#æ�
5�y�mS�æ�:��å, 2�Øz�S��
�5ª³±;�Ùé$ªõÇ�)K�, ,�23
�m�\°wI�±~�>÷�A�K�. g£8
�.õÇÌ�Ý�O�´ÏLéD4¼ê�ýé
�²�¦±æ�±ÏÚýÿØ���� [22,23].
·��g£8 (AR) �.��ê� 16[24], �ãõÇ
Ì´ÏLéõÇÌ�Ý3$ª�S (0.04—0.15 Hz)
Úpª�S (0.15—0.4 Hz) ¦Ú5µd.

2.2.2 Ä�ºÝ�
éuêâ�Ý� N ��mS� u : {u(i) : 1 6

i 6 N}, Äk·�rù��mS�i\��� m

��m [25], éuz�� u(i), l�mS�¥À� m

�êâ��� m�¥þ:

X(i) = [u(i), u(i + L), · · · , u(i + (m − 1)L)], (1)

ª¥ m Ú L ©O�i\�êÚò´�m, eÀ
� L = 1, K m�¥þ��ê� N − m + 1 �, é
uz�� m�¥þO�ÑÄ�ºÝ ZBS, ZBS ½Â
� m�¥þ¥¤k��:êâm� (½��) ��
��þ��, =

ZBS(i)=

√√√√m−1∑
j=1

(u(i + j) − u(i + j − 1))2/(m − 1).

(2)

�âÄ�ºÝ, À�y©ÎÒ�IO a × ZBS,
,�rz�� m �¥þ=�¤ m �¥þÎÒS
� Si(X(i)) = {s(i), · · · , s(i + m− 1)}, s ∈ A(A =
0, 1, 2, 3). =��ªXe:

Si(X(i)) =



0 : ū < ui+k 6 ū + a × ZBS

1 : ui+k > ū + a × ZBS

2 : ū − a × ZBS < ui+k 6 ū

3 : ui+k 6 ū − a × ZBS

,

(3)

k = 0, 1, · · · ,m − 1, ū �L1 i � m�¥þ X(i)
�²þ�, ZBS �L1 i � m�¥þ X(i) �Ä�
ºÝ. ÎÒ 0, 1, 2, 3 �´��z��y©«��I
P, äN���vk¢S¿Â, a ´��AÏ�ë
ê, 3�©¥, a ���´|^ Wessel � [26] �ÿÁ
�{��.

·�ÚO m �¥þ Si �ÎÒS��©ÙV
Ç, �¹ 0, 1, 2, 3 o«ÎÒ� m�¥þÎÒS� Si

�k 4m «ØÓ�|ÜG� π, éuz�� π,·�
½Â©ÙVÇ

p(π) = #{t|1 6 t 6 N − m + 1, (ut,··· ,ut+m−1)

´�ªπ}/(N − m + 1), (4)

Ù¥ # �L�ê, m�¥þ�Ä�ºÝ�½Â�

H(m) = −
∑

p(π) ln p(π), (5)

Ù¥ m ����±l 3 � 7, äN����ûu
O���BÚÜn, N ������u 4m =�,
é¤k�UG� π �©ÙVÇ¦&E� H(m), T
&E�£ã
�mS�¥ m �ëY�¤�¹�Å
Ä&E.

2.2.3 Cq�
Cq�Ì�´lïþ�mS�E,5��Ý

5Ýþ&Ò¥�)#�ªVÇ���, �)#�ª
�VÇ��, S��E,5��, �A�Cq��
�� [27]. �©æ^IOCq� (2, r, N ) ©Û HRV
�mS�, Ù¥i\�Ý� 2, r �N=Ý (Ï~
� 0.1SD—0.5SD, �©� 0.2SD (SD L«&Ò�
IO�)).

3 õÇÌ©Û(J

ã 1(a) Ú (b) �N
èx<Ú CHF �ö 24 h
�%aÅÄ�¹. ·��±w�èx<� CHF �
ök�p�²þ RR mÏ�Ú���IO�; è
x<3�m�²þ RR mÏ�xUk�ÌÝ�O
\,  CHF �ö�²þ RR mÏ3xU'�$, �
3�mk�ÌÝ�O\. ã 1(c) Ú (d) w«
 (a),
(b) üã RR mÏ�õÇÌ©Ù (PSD), RR mÏ&
Ò�ªÌÌ�8¥3�$ª!$ª±9pªã,
0.15—0.4 Hz´pª���, ù�ªã�@�´�
áªÇã (RSA), Ï~@� RSA´d�r ²XÚ
¤N�, Ïd RSA U
�«�r ²�¹Ä�¹;
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Ó�, RR mÏÅÄ�k$ªã (ªÇ��3 0.04—
0.15 Hz �m) ¤©, $ª¤©�@�´É�a ²
Ú�r ²�ÓN�� [22]. �â Parseval ½n, S
���õÇÌ�È©¦ÚAT�uTS����,
duèx<� CHF �ök���IO�Ú��,
èx<õÇÌ��Ì' CHF �ö���õ, Ïd
ã 1(c) ¥ z ¶�ÌÝ´ã (d) ���. ã 1(c) ¥3

�m�èx<�pªõÇ (HF) ¤©'xU�k�
ÌÝ�O\, �NÑ�r ²¹Ä3�m�ÌÝO
r [28,29], 3�m³�pª|©��a ²¹Ä
K�A/~� [30,31]. �'�, CHF �ödu�r
 ²XÚÉ�l¦�pªõÇ¤©²w~�, l
ã 1(d) ¥�w� CHF �ö�m3pª���©Ù
X�
¸��$�õÇÌ.

ã 1 èx<� CHF �ö� RR mÏ (HRVêâ) ÚõÇÌ©Ù (a) èx< 24 h � RR mÏ; (b)CHF �ö 24 h � RR mÏ;
(c) èx<�õÇÌ©Ù; (d)CHF �ö�õÇÌ©Ù

ã 2 ü|��3xUÚ�m� RR mÏ (a) èx<xU;
(b) èx<�m; (c) CHF �öxU; (d) CHF �ö�m

�
�\ïÄèx<Ú CHF �ö�r ²

XÚ�N�3¼��Oe�Cz�¹, ·�þz

 HF ¤©. éz�| RR mÏ&Ò, �À�xUÚ
�þ� 1000 �êâ: (Xã 2 ¤«), ©OO�z�
|êâ� HF, (JXã 3 ¤«. Ó�, ·��O�

xUÚ�m3ØÓêâ�Ýe� HF, ~Xêâ
�Ý©O� 5000, 10000 Ú 20000, ¤kO�(JÚ
ã 3 ¥�(J�q.

ã 3 w«
èx<Ú CHF �ö�m� HF þ
puxU, ù`²
�r ²3�m�N�\r,
Ó�3�mdu�áCú¦� RSA O�, ù
Ï
�Ñ��ü|��3�m� HF þpuxU�. é
èx<5ù, �m HRV &Ò� HF ��puxU,
Ïd, Z�Ú�2ùü«ØÓ�G����d HF
«©m, ² t u�, p < 0.05. lã 3 ��±w�, �
, CHF �ö HRV &Ò�m� HF ��uxU�,
�´Z�Ú�2ùü«G�%ØU^ HF ù�ëê
��«©m5, ² t u�, p > 0.05. d	, ü|�
�3xU� HF �ØU���«©m, �Ï�U´:
1) CHF �ö�r ²�¼�N!Uå�èx<k
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²weü; 2) õÇÌ©Û�{éZ�Ú�2G�±
9dèxÚ¾nG��)�)n&ÒþØ
¯a,
ÏdÃ{ò§�«©m5.

ã 3 ü|��3xUÚ�m� HF èx<xU (∆); èx<
�m (¤); CHF �öxU (∗); CHF �ö�m (◦); z|ê�Ñ�
Ñ
²þ� ± IO�

4 �©Û�(J

^ m = 4, a = 0.1 O � ü | � � HRV
& Ò � Ä � º Ý �, Ó�� O � 
 m � Ø Ó
� (m = 2, 3, 5) ����, O�(J¿vkÑy
²w��É, � a �ØÓ�� (~X a � 0.1, 0.2,
0.3 ½ 0.4) é(J�K��é�. �©¦^ 1000 �
êâ:O�Ä�ºÝ� (��±� 500 �êâ:�
�mS�,�O�Ä�ºÝ�, U
���q�(
J), ·�3�IX¥�Ñ
z|��3ØÓG�
e�Ä�ºÝ�, Xã 4(a) ¤«. ��é',·��
O�
z|êâ (êâ�ÝE,� 1000) �Cq�,
(JXã 4(b) ¤«.

ã 4(a) L²o«ØÓ�G� (�)èx<x
U!èx<�m!CHF �öxU!CHF �ö�m)
�d¦��Ä�ºÝ���«©m5, ² t u�,
p < 0.05. Ä�ºÝ�l��þþz
 m-words |
ÜÑy�Ø(½5, �����L
 m-words |Ü
�Ñy�Ø(½, èx<�Ä�ºÝ��LX�Z
�)nG�.  CHF �ö%9õUÉ~´duN
!%aÅÄ��a ²Ú�r ²u)
¾C, Ù
)n��XÚÉ�
î��³, ¤± CHF �ö
�Ä�ºÝ�Úèx<�ê��'Ñy
���
 �.

�,ü|��3xUÚ�m�Ä�ºÝ��
�kØÓ, �´3¼�m�Cz%´�q�, =3

�mZ�G�e�Ä�ºÝ��'xU�2G�
e�$�
. ù
(J�«
èx<Ú CHF �
ö HRV &Ò����´äk¼�!Æ�'5�.
Ä�ºÝ��CzÓ���N
gÌ ²N��
Cz, du CHF �ö�r ²N��³�, �a 
²N�Ó`³, �¦S�¥Ñy
�õCz� m-
words |Ü, Ïd CHF �ö����p. ,	3Z
�G�edu�a ²XÚN�~f,¦�èx<
Ú CHF �ö���Ñ'xU�2G�e$.

��'�, 3ã 4(b) ¥�Ñ
ü|��3Ø
ÓG�eCq��O�(J, Cq�U
£ã�
)#&E��Ý [27]. ·�^ m = 2, r = 0.2SD,
N = 1000 O�Cq� (Ó��O�
���, ��
�(J´�q�). O�(JL², ¦^Cq� (½
���) ØUòü|��éÐ/«©m, ² t u�,
p > 0.05.

ã 4 ü|���Ä�ºÝ�ÚCq�O�(J, èx<
xU (∆) ; èx<�m (¤); CHF �öxU (∗); CHF �ö�
m (◦); z|ê�Ñ�Ñ
²þ� ± IO� (a) Ä�ºÝ�;
(b) Cq�

�
�?�ÚïÄêâ�Ýé(J�K�,·
�O�
ØÓêâ�Ýe�Ä�ºÝ�. �Xêâ
�Ý�O\, ²þ�Ñy
é��Cz, IO��
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k���ü$, �o«G� (�)èx<xU!è
x<�m!CHF �öxU!CHF �ö�m) 3Ø
Ó�êâ�ÝeE,U^Ä�ºÝ�éÐ/«©
m5, ¤±êâ��Ýé(Jvk���K�.

5 ( Ø

Ivanov � [32−34] 3¼�!ÆÚZ�G�XÛ
K�%Ç�ºÝA5ÚE,Ý�¡�
�þ�ï
Äó�, ¦��ïÄ
Z�¥ØÓZ��ã�%Ç
�ºÝA5ÚE,Ý [10,11]. Ú± ¤k�ïÄ�
', �©¤¦^�ïÄ�{ØÓ�?3uæ^Ä�
ºÝ���{ïÄü|���%ÇCÉ5&Ò, ¿
©Û
Ù�¼�!ÆÚ;¾�'�õÇÌ�Cz,
ù
CzA�Ñ´Úd3�ÄåÆÅ����'
�. 3�e�ïÄ¥, ·�òUY¦^Ä�ºÝ�
��{ïÄ3ØÓZ��ãe�%ÇCÉ5&Ò,
±Ïuy3ØÓZ��ã�&E.
�
ïÄ%Çd3�ÄåÆÅ�,·�3ã 5

¥�Ñ
Ä�ºÝ��� HF �Cz�¹. 3xU,
CHF �ödu�r ²N�~f�a ²N�
\r, ��êâ¥Ñy
�õ� m-words |Ü, ¤
± CHF �öxU�Ä�ºÝ��p,  HF �$,

Xã 5 ¥�þ���:. 3�m, du�áCú�
� RSA O�,¦� CHF �ö�m� HF �p, ,�
�¡du�a ²N�~f¦� m-words |ÜC
z~�, Ïd CHF �ö�m�Ä�ºÝ��$, ¤
±ã 5 ¥ CHF �ö�m� � uxU�me�.
�±lã 5 ¥w�èx<� HRV &ÒCzª³
Ú CHF �ö´�q�, èx<�m�ãI� u
xU�me�.·��ïÄJø
��^Ä�ºÝ
�ÚõÇÌ½þïÄ HRV &Ò�Ä��{, T�
{��3�5��µ� CHF �ök�ºx½öÙ
¦%9õUæN�ÃM5�I.
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Changes of entropy and power spectrum in circadian
rhythm for heart rate variability signals∗
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Abstract

Physiologic systems generate complex fluctuations in their output signals that reflect the underlying dynamics. In order to detect

the effect of circadian rhythm for heart rate variability signals, we apply base-scale entropy method and power spectral analysis to

the 24-hour heart rate variability signals. The results show that 1) such profound circadian- and pathologic-dependent changes are

accompanied by changes in base-scale entropy and power spectral distribution, but by little changes in approximate entropy; 2) the

circadian regulating ability of vagal nerve is clearly decreasing for congestive heart failure subjects; 3) the base-scale entropy is

more sensitive than spectral analysis method to distinguishing wake/sleep states and identifying patterns generated from healthy and

pathologic states, meanwhile, the base-scale entropy changes reflect corresponding changes in autonomic nerve outflow. With the

suppression of vagal tone and dominance of sympathetic tone in congestive heart failure subjects, there are more variabilities in the

m-words form π due to the trends in the data. So the higher base-scale entropy belongs to congestive heart failure subjects. With the

decrease of sympathetic tone during sleep, the base-scale entropy drops in both healthy and congestive heart failure subjects. Finally,

in order to further investigate the effect of series length, we calculate the base-scale entropy for different length series and find that the

series length nearly has no influence on the result.

Keywords: heart rate variability, base-scale entropy, power spectrum, circadian rhythm
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