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Äu Delta-P1 Cqû��1Æ�., í�
V:Cqe�m©Eû��)éu Henyey-Greenstein Ñ��¼
ê���ëþ γ �(¯ÝL�ª, ïÄ
ëþ γ éû��©Ù�K�. ïÄL², �û�Cq�.�', Delta-P1

Cqû��1Æ�.Ø=¹kÑ��¼ê���ëþ γ, �3fáÂ½ráÂ��¹e, ëþ γ éu1N
C (ρ < 1.0 mm) ��m©Eû��Ñ�3���K� (4��u 30%). Ïd|^ γ ïÄû��1©Ùéu¼�|
�1Æ&Eäk��¿Â.
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1 Ú ó

1Å3)Ô|�¥DÂ¬��1�áÂ!Ñ
�Ú)ÔF1��), |^ù
&E�½þ(½)
Ô|��1Æ5�, �¬5�ä!1Äå£�Úï
Ä)Ô(�¤�5Æ�JønØë�. Cc5, <
�®3T+��
�þ�ïÄó�, ïá
ØÓk
d��û��1Æ�. [1−3]. �â1DÑnØ, Ã
Ø=�«nØ�., o´l¦)Ë�Ñ$�§Ñu,
l¼�)Ô|�L¡û��Ç�Cq)ÛL�
ª�. Ïd, 31DÑnØ¥, ÏLù
L�ª£
ã�Ë�Ïþ (fluence)!��Ç (reflectance) ½Ë
�rÝ (radiance) ��ÿþÔnþ�)Ô|�1Æ
ëþáÂXê µa!Ñ�Xê µs!k�Ñ�Xê µ′

s

½��É5Ïf g �m�'X, AU
lÿþêâ
¥�ü�� µa, µs, µ′

s ½ g, l¢yé)Ô|�1
Æëê�½þÿþ.

du)Ô|�´E,�1Ñ�N, ÏdïÄ1
f3)Ô|�¥�DÑ5Æ�, Ï~æ^�¢SÑ
��¼ê´ Henyey-Greenstein �¼ê, ÙäNL�

ª�

pHG(ŝ, ŝ′) =
1
4π

· 1 − g2

[1 + g2 − 2g(ŝ · ŝ′)]3/2
, (1)

Ù¥, g ���É5Ïf. éu Henyey-Greenstein
�¼ê, l �Ý�

gl =
∫

4π

pHG(ŝ, ŝ′)Pl(ŝ · ŝ′)dΩ = gl
1 = gl,

g0 =
∫

4π

pHG(ŝ, ŝ′)dΩ = 1.

1999 c Bevilacqua Ú Depeursinge[4] �ïÄL
², 3£ã13)Ô|�¥�Ñ��¹�, µa, µ′

s

� O � É Ñ � � ¼ ê � K � � �, Ï d k 7 �
Ú\���Ñ��¼ê���Ýk'���ë
þ γ = (1 − g2)/(1 − g1), g1, g2 ©O��¼ê��
�ëþÚ��Ý. U9�Æ4HïÄ| [5−7] ïÄ

)Ô|��Ñ��¼ê9Ùp�1Æëþ�5
�, ?Ø
 P3 Cq�.!·Üû�Cq�.¥ γ

�K�, ¿?�Ú�Ñ�d γ ¼��|�SÜ(�
k'���É5Ïf g. ,, 38cA^2��û
�Cq1Æ�.¥, �÷vCq^�òëê µs Ú g

(5¿ g = g1) Ü¿���ëê µ′
s = µs(1− g), |^
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�«¢�ØUÓ�ÿþÑ µa, µs Ú g n�ëê [2],
Ïd µa, µs Ú g ÿþ�Ïæ^�ÿþÃãØÓ�
����Ø�. 1998 c Venugopalan � [8] 3Ñ$�
§¥¦^ Delta-Eddington �¼ê, uÐ
 Delta-P1

Cq1Æ�.. 3 Venugopalan �¤�ó�Ä:þ,
Hayakawa � [9] ?�ÚïÄ
�e� Delta-P1 C
q�.¿òÙ^u�ü·Z0��1Æëþ, JÑ
�3�ü1Æëþ�ò��É5Ïf g l µ′

s ¥©
lÑ5. 2010 c4HïÄ| [10,11] �Ä��1�
�Ý¼�U?� Delta-P1 Cqû��1Æ�., �
û�Cq�.�', T�.�)ÛL�ª¥¹kÑ
��¼ê���ëþ γ. 2011 cà��� [12] Äu
�m©Eû���V: Delta-P1 CqnØ�.,
�ü��
)Ô|��áÂXê µa!k�Ñ�X
ê µ′

s Ú��ëþ γ.
�©l Delta-P1 CqnØÑu, í�
V:

 Delta-P1 û��1Æ�.éÑ��¼ê���
ëþ γ �(¯Ý)ÛL�ª, ¿3dÄ:þ'�

 γ éV: Delta-P1 Cqû���K�. ù�ï
ÄéuXÛd�m©Eû��ÿþ¼�)Ô|�
�1Æëþ, ±9XÛO(ÿþ��ëþ γ äk
��nØ¿Â.

2 Delta-P1 û��1Æ�.

3Ñ��¼ê p(ŝ, ŝ′) ¥Ú\ Dirac delta ¼ê
��, ÏL¦)��� Boltzmann Ë�Ñ$�§
�� Delta-P1 Cq�§ [10]:

D∗∇2ϕ0(r) − µaϕ0(r)

= − q0(r) + 3D∗∇q1(r). (2)

Ù¥, û�Xê D∗ = D =
1

3µtr
, ql(r) �1�

Ý [11]. dT�§¤£ã��.¡� Delta-P1 û�
�1Æ�., �9�1ÆA5ëþ�L«�

Ñ�Xê: µ∗
s = µs(1 − g2) = γµ′

s,
P~Xê: µ∗

t = µa + µ∗
s = µa + γµ′

s,
k�Ñ�Xê: µ′∗

s = µ′
s,

�ìÇ: α∗ =
µ∗

s

µa + µ∗
s

=
γµ′

s

µa + γµ′
s

,

k��ìÇ: α′∗ =
µ′∗

s

µa + µ′∗
s

= α′.

¿�k µtr = µtr1 = µa + µs(1 − g), µ∗
eff = µeff =

√
3µaµtr.

3�ÄÃ�[O�1å÷ z ¶\����Ã
�þ!0���¹e, �â Delta-P1 Cq�§, �

deª¦�Ë�Ïþ:

ϕ0(ρ, z) = ΦG(ρ, z) ⊗ q(ρ, z), (3)

ª¥, ÎÒ “⊗” L«òÈ, ρ L«&ÿì�1\
�?�m�ål. ΦG(ρ, z) � Delta-P1 Cq�§�
��¼ê), q(ρ, z) K�é1�¤��CqL«.

3	í>.^�e, é1\��0�SÜ
��1Ë�©Ù�V:Cq, =ò1�?n
� u z01 Ú z02 ?�ü�:, 1rÝ��
�� α∗/2, Xã 1 ¤«. Ïd, �â	í>.^
� ϕ0(ρ, z = −zb) = 0 ��V:Cqe�1
L«:

q(0, z) =
α∗

2
[δ(0, z − z01) + δ(0, z − z02)]

− α∗

2
[δ(0, z − z03) + δ(0, z − z04)], (4)

ª ¥ z01 = 2/µ∗
t , z02 = 0, z03 = −2zb, z04 =

−2zb − 2/µ∗
t ,  �, 	 í � Ý zb = 2AD, Ù

¥ A = (1 + Reff)/(1 − Reff). Reff �k���
Xê, �CqL«� [13]

Reff = − 1.440n−2
rel + 0.710n−1

rel + 0.668

+ 0.0636nrel,

ª¥ nrel �.¡��éò�Ç.

d (3) Ú (4) ª�¦�V: Delta-P1 Cqe
��m©Eû��Ç)ÛL�ª�

Rdelta-P1,2(ρ) = 0.118ϕ0(ρ) + 0.306j(ρ), (5)

Ù¥,

ϕ0(ρ) =
1

4πD
· α∗

2

(
e−µeffr1

r1
+

e−µeffr2

r2

− e−µeffr3

r3
− e−µeffr4

r4

)
,

j(ρ) =
1
4π

· α∗

2

[
2z0

(
µeff +

1
r1

)
e−µeffr1

r2
1

+ 2zb

(
µeff +

1
r3

)
e−µeffr3

r2
3

+ 2(z0 + zb)

×
(

µeff +
1
r4

)
e−µeffr4

r2
4

]
,

r1 =
√

ρ2 + 4z2
0 , r2 = ρ,

r3 =
√

ρ2 + 4z2
b, r4 =

√
ρ2 + 4(z0 + zb)2.
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��
ã 1 V:Cq9	í>.^��ã«

3 �m©Eû��é��ëþ γ �(
¯Ý

3 (5) ª¥, du�ìÇ α∗ ¹kÑ��¼
ê � � � 1 Æ ë þ γ, Ï d Delta-P1 û � � 1
Æ�.'û�Cq�.O\�Ä
�¹��É
5 Ï f g � � � ë þ γ. é u ) Ô | �, � æ
^ Henyey-Greenstein �¼ê ((1) ª) £ãÙÑ�
A5�, k γ = 1 + g, =�òÙL«�����
�É5Ïf g �'��ÿþþ. 3d, �
Bu?
Ø��ëþ γ éu Delta-P1 û��1Æ�.�K
�, �æ�(¯Ý©Û�{, �ÄòÙ(¯ÝL«
½Â�

Sγ(ρ) = − 1
R(ρ)

∂R(ρ)
∂γ

, (6)

(6) ª¡�û��é��ëþ γ �(¯Ý, Sγ(ρ) ´
��Ãþjþ, L«� γ UC�¤Úå�û��Ç
�Czþ, dd��NÑû��éëþ γ Cz�¯
a§Ý. |^ (5) ª�¦�V: Delta-P1 Cq)
é γ �(¯Ý:

Sγ(ρ) = − 1
Rdelta-P1,2(ρ)

∂Rdelta-P1,2(ρ)
∂γ

= − 1
Rdelta-P1,2(ρ)

[
0.118

∂ϕ0(ρ)
∂γ

+ 0.306
∂j(ρ)
∂γ

]
, (7)

Ù¥,

dϕ0(ρ)
dγ

=
∂ϕ0(ρ)
∂α∗

∂α∗

∂γ
+

∂ϕ0(ρ)
∂r1

∂r1

∂γ

+
∂ϕ0(ρ)

∂r4

∂r4

∂γ
,

dj(ρ)
dγ

=
∂j(ρ)
∂α∗

∂α∗

∂γ
+

∂j(ρ)
∂z0

∂z0

∂γ

+
∂j(ρ)
∂r1

∂r1

∂γ
+

∂j(ρ)
∂r4

∂r4

∂γ
,

∂ϕ0(ρ)
∂α∗ =

1
8πD

(
e−µeffr1

r1
+

e−µeffr2

r2

− e−µeffr3

r3
− e−µeffr4

r4

)
,

∂ϕ0(ρ)
∂r1

= − 1
4πD

· α∗

2

(
µeff +

1
r1

)
e−µeffr1

r1
,

∂ϕ0(ρ)
∂r4

=
1

4πD
· α∗

2

(
µeff +

1
r4

)
e−µeffr4

r4
,

∂j(ρ)
∂α∗ =

1
8π

[
2z0

(
µeff +

1
r1

)
e−µeffr1

r2
1

+ 2zb

(
µeff +

1
r3

)
e−µeffr3

r2
3

+ 2(z0 + zb)
(

µeff +
1
r4

)
e−µeffr4

r2
4

]
,

∂j(ρ)
∂z0

=
α∗

4π
·
[(

µeff +
1
r1

)
e−µeffr1

r2
1

+
(

µeff +
1
r4

)
e−µeffr4

r2
4

]
,

∂j(ρ)
∂r1

= − α∗

4π
· z0

[
µ2

eff +
3µeff

r1
+

3
r2
1

]
e−µeffr1

r2
1

,

∂j(ρ)
∂r4

= − α∗

4π
· (z0 + zb)

[
µ2

eff +
3µeff

r4

+
3
r2
4

]
e−µeffr4

r2
4

,

∂α∗

∂γ
=

µaµ
′
s

(µa + γµ′
s)2

,

∂r1

∂γ
= − µ′

s

(µa + γµ′
s)2

· 4z0√
ρ2 + 4z2

0

,

∂r4

∂γ
= − µ′

s

(µa + γµ′
s)2

· 4(z0 + zb)√
ρ2 + 4(z0 + zb)2

,

∂z0

∂γ
= − µ′

s

(µa + γµ′
s)2

.

4 ��ëþ γ éV: Delta-P1 Cq
)�K�

�â±þ©Û��, Sγ(ρ) ´)Ô|��1
Æ ë þ µa, µs Ú γ � ¼ ê, Ï d � | ^ V :
 Delta-P1 Cqe��m©Eû��Çé γ �
(¯Ý Sγ(ρ) �äNL�ª ((7) ª), 5ïÄ γ é
V: Delta-P1 Cqû���K�. �
'��B,
3�©�ê�O�¥, æ^ HG �¼ê ((1) ª) £
ã|�Ñ��¹, ¿�± nrel = 1.4 ØC.

Äk, �ÄfáÂ��¹e��ëþ γ �U
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Cé Rdelta-P1,2 �K�. � µa = 0.3 mm−1, µs =
20.0 mm−1. éu��É5Ïf©O� g = 0.7,
0.85, 0.95, K�A���ëþ γ = 1.7, 1.85, 1.95.
(JXã 2 Úã 3 ¤«.

Ùg, �ÄØÓáÂ�¹eV: Delta-P1 C
q) Rdelta-P1,2 é γ �(¯Ý. �± γ = 1.85 Ø
C, áÂXêÚÑ�Xê©O�: µa = 0.3, 0.7,
0.9 mm−1, µs = 20.0, 20.0, 10.0 mm−1, K�A�k
��ìÇ α′ = 0.91 (fáÂ), 0.81, 0.63 (ráÂ).
(JXã 4 ¤«.

ã 2 γ UC��V: Delta-P1 Cqû��©Ù

ã 3 γ UC�V: Delta-P1 Cqû��é HG �¼ê
���ëþ γ �(¯Ý

ã 2— ã 4�î�IL«1�&ÿì�m

�ål ρ, ã 2 �p�IL«V: Delta-P1 C
q�m©Eû��Ç, ã 3 Úã 4 �p�IL«
V: Delta-P1 Cq�m©Eû��éu γ �(
¯Ý.

dã 2 ¤«�û����±wÑ, 3C1
«� (ρ < 1.0 mm), V: Delta-P1 Cqû��É
��ëþ γ �K�'�²w. 31�&ÿìmå
�Ó� �, �Xëþ γ �O�, û��Ç3~�.
ù´du�X γ �O�, ��É5Ïf g ªu 1,
d�13|�¥u)�Ñ�Ly�c�Ñ�Or,
Ïd&ÿì�Â��û��1&Ò¬~f. dd
��, du3V: Delta-P1 Cqû��1Æ�.
¥, Ùû���)ÛL�ª Rdelta-P1,2(ρ, µa, µ

′
s, γ)

¹kÑ��¼ê���ëþ γ, ¤±e)Ô|�S
Ü(�u)Cz¦ γ (½ g) UC�, =��âd
dÚå�û��1©Ù�Cz, ��5¼�)Ô
|����É5Ïf g �&E.

ã 4 ØÓáÂ�¹eV: Delta-P1 Cqû��é HG
�¼ê���ëþ γ �(¯Ý

d ã 3 ¤ « � ( ¯ Ý  � � N Ñ: 1) V :
 Delta-P1 Cqû��é HG �¼ê��ëþ γ �
(¯Ý3å1 1 mm ±S�� (4��u 30%),
1 mm ±	K�é�� (Ly���ÇCzú),
ù`²å1Cål?&ÿ��û��1²{�
�)Ô|��p�^gê�é�ål���, ��
�|��*(�&E²w, ù��\`²ïÄ1
NC1©Ù��Ä�¼ê�p�ëþ; 2) 3å1
, � ρ′ ?, �3û��é γ �(¯Ý�"��
¹, �Tål�X γ �O�O�. ©Û��, ù
´du3�C1?1f��Ñ�AÇ�, &ÿì
�Â��õ´ÏL|�L���Ñ�1f; 3�
l1?�&ÿì�Â��õ´²L��|��
1f, û��1&E�XõgÑ�~�, =d|
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�L¡�Â��1fê�A~�; 3,&ÿål ρ′

?, Sγ(ρ′) = 0 KL²d?c�Ñ$Ú��Ñ$�
1f��²ï, ÏdT �?1fÑ��CzòØ
K�1Ë�©Ù. Ïd, e�ÏLÿþû��5¼
�|�SÜ(�&E, KA;�3d �NC«�
ÿþ.

d	, lã 4 ¥?�Ú��: 1) éuÃØ´
ráÂ�´fáÂ|�, û��1�©ÙþÉ�
Ñ��¼ê���ëþ γ �K�; 2) 3C1«
� (ρ < 1.0 mm) �Ó� � ρ ?, |Sγ(ρ)| �XáÂ
Xê�O�O\. ù´duáÂXê��, 1f
rL�Ó´»�|�áÂ�AÇ��, K3å1
�Ó �?, l|�L¡�Â�1fê=û��1
�é~�, ÏdráÂ�¹e, |�SáÂ�Cz
éuC1?�û��1©ÙkwÍK�.

8 c, Ê H æ ^ � û � C q n Ø ¥, ï Ä
) Ô | � û � � 1 © Ù � ¿ � � Ä � ¼ ê
� � ë þ γ, = d û � C q � . � ) Û L �
ª [10]RSDA(ρ, µa, µ

′
s) Ã{��¼���É5Ï

f g �&E, Ïdl(¯Ý�Ý5wù�:´Ø�
õ�. 3 Delta-P1 CqnØ¥, du3û��Ç
�)ÛL�ª¥Ú\
��ëþ γ, � γ �Cz
éu Delta-P1 û��1Æ�.k�²w�K�. ¤
±, d Delta-P1 û��1Æ�.Ø=�¼���É

5Ïf g �&E, Ó�ÏLëþ γ �ÿþ�òk
|u~�©ÛÙ§1Æëþ (XáÂXêÚÑ�X
ê) ��Ø�.

5 ( Ø

Äu	í>.^�e Delta-P1 Cq�.�V
:Cq�m©Eû��), �©ïÄ
T)Û)
éuÑ��¼ê��ëþ γ �(¯Ý. ïÄL²:
1) 3fáÂ½ráÂ��¹e, ëþ γ é|�L
¡û��1©Ù�K�31NC (ρ < 1.0 mm)
'�²w (4��u 30%); 2) 3û��1Æ�.
¥Ú\Ñ��¼ê�p�ëþ´k7��, cÙ´
3£ã1NC (ρ < 1.0 mm) �Ë�rÝ©Ù�;
3) �û�Cq�.�', ¹k��ëþ γ � Delta-
P1 Cqû��1Æ�.�U�NÑ|�SÜ(�
�Cz&E.

�©�ïÄó�éu?�Ú�õ¹k�¼ê
p�ëþ�û��1Æ�.äk��¿Â, ¿ò�
)Ô|�1ÆA5ëþ�3NÃ�uÿJø�
�nØ�â.

a�U9�Æ4H�Ç!à��Ú¥I¬Ê�ÆÜ�
ïB�Ç�?Ø.
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Abstract

The sensitivity of the second-order parameter γ of the Henyey-Greenstein phase function based on the spatially-resolved diffuse

reflectance within the two-point-source approximation to the Delta-P1 approximation model is studied, and the analytical expression

of the sensitivity is derived. The results show that the analytic solution of the Delta-P1 approximation model for reflectance contains

the second-order parameter γ of the scattering phase function compared with the diffusion approximation model, and the second-

order parameter γ has significant influence (the extreme value greater than 30%) on the analytic solution for spatially-resolved diffuse

reflectance with small source-detector separations (ρ < 1.5 mm) no matter whether the absorption is weak or strong. The research has

theoretical significance for obtaining the optical information abour tissue with the second-order parameter γ.

Keywords: tissue optics, Delta-P1 approximation, the scattering phase function, the second-order parameter
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