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�â P3 Cqé�Ã�)Ô|���m©Eû��nØ, ïÄ
ráÂ^�e1
NC1Ë�©Ù�{zL�
ª SP3 ¼ê. ïÄL²: |�áÂ�r, SP3 ¼ê�UO(£ã1
NC�m©Eû��; A^ SP3 ¼ê�üráÂ
|�1Æëê�, dØÓå©ål�û��êâ[Ü����ü(J­��34�, 4�NCéA��ü(J��
C¢S|�1Æëê.

'�c: |�1Æ, û��, P3 Cq

PACS: 42.25.Dd, 42.62.Be, 87.10.–e

1 Ú ó

­��m©Eû���nØÚ¢�ïÄ®?
1õc [1−3]. �m©Eû��´3ål1
ØÓ
 ��Â��û��1, Ù1©Ùd�¹)Ô|
�1Æëê�Ë�DÑnØ5£ã, ù
1ÆA
5ëêkáÂXê µa, Ñ�Xê µs ÚÑ��¼
ê p (θ). �m©Eû��ÿþ�±(½)Ô|�
�1Æëê, �õêÿþ´�l1
, ±Ë�D
Ñ�û�Cq ($�Cq) �nØ�â. û�Cq
û��L�ª´'uáÂXê µa Úk�Ñ�X
ê µ′

s(µ
′
s = µs(1 − g), g �Ñ��¼ê p (θ) ��

�V4�Ý, ¡�0����É5Ïf) �¼ê,
Ù·^����l1
A�A��Ý mfp′ (Ñ
$²þgd§, mfp′ = 1/(µa + µ′

s)) Úk��ì
Ç a′ > 0.98(α′ = µ′

s/(µa + µ′
s)) ��¹ [4,5].

�X-1A^Eâ�×�uÐ, I�U
éÛ
Ü!fL½áÂ�r�¾C|�?1ÃM½�M
�1�äÚ1£�, é1
NC|���m©E
û��ïÄìì¤�'5�9: [6−15]. Bevilacqua
Ú Depeursinge[12] ^ Monte Carlo �{Ú¢�ïÄ

1
NC��� mfp′ S��m©Eû��, Ú
\
����¼ê��Ýk'�1Æëê γ, �±

�Ð/��|��1Æëê, ¿3 Monte Carlo �
[ïÄ¥o(Ñ·^uk��ìÇ a′ > 0.9 Úå
l1
 ρµ′

s < 2 �û��L�ª. Hull Ú Foster[13]

3¦)�¹�¼êp�Ý�Ë�DÑ�§Ä:þ,
��
éA��Ó5:
��Ã�0�� P3 Cq
). P3 Cq)�Ä
�¼ê�p�Ý, Ùû��L
�ª´'u (µa, µ′

s, γ, δ) �E,¼ê (δ ´��¼
ên�Ýk'�1Æëê), U
£ã1
NCA
��Ý mfp′′′[14](mfp′′′ = 1/[µa + µs (1 − g3)], g3

�Ñ��¼ê p (θ) �n�V4�Ý) ÚráÂ|
� (k��ìÇ a′ > 0.59[13]) �û��1©Ù.

�©3 P3 Cq�m©Eû��)ÛnØ�.

�Ä:þ, é1
NC (mfp′′′ < ρ < 2 mm) 1Ë�
��m©Ù?1
¼ê[Ü, �ÑráÂ�¹eO
� P3 Cqû��L�ª�{zL�ª SP3 ¼ê,
¿Ò SP3 ¼ê^u|�1Æëê��ü?1
?
Ø. ïÄL², |�áÂ�r, SP3 ¼ê�UO(£
ã1
NC�m©Eû��, �^u|�1Æëê
�ü�J�Ð. SP3 ¼ê�Ö
û�CqnØL�
ªÃ{£ãC1
ráÂ!P3 CqnØL�ªL
uE,Ø·u�ü1Æëê�Øv. ùéu?�Ú
¢yC1
&ÿ�¢�&Þ�O!¢�ýÿ91
Æëê�üäk­�¿Â.
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2 P3 Cq�m©Eû��

�I�éÛÜ!fL½áÂ�r�|�?1
ÿþ�, &ÿìÚ1
�m�åléC. ·�A
^ P3 Cq£ã1
NC1Ë�rÝ©Ù, P3 Cq
´13|�¥�DÑnØ�p�CqnØ. �ÄÃ
�[-1åR�\���Ã�þ!0�L¡ (�
ã 1), ÏL¦)DÑ�§� P3 Cqû��Ç, �±
L«� [13,15]

R (ρ; γ; δ) =
3∑

l=0

2l + 1
4π

ψl (ρ; γ; δ)Sl (ρ; z0) , (1)

ª¥ ρ L«&ÿì�1
�m�ål, z0 = 1/µ′
t =

1/(µ′
s + µa) ´ ò 1 
 C q ¤ : 1 
 � �   �,

Sl (ρ; z0) ����ëþ µa Ú µ′
s k',

S0 (ρ; z0) = k1, S1 (ρ; z0) = k2
z0

(ρ2 + z2
0)1/2

,

S2 (ρ; z0) = k3
3z2

0

2 (ρ2 + z2
0)

+ k5
3ρ2

2 (ρ2 + z2
0)

− k1
1
2
,

S3 (ρ; z0) = k4
5z3

0

2 (ρ2 + z2
0)3/2

+ k6
15z0ρ

2

2 (ρ2 + z2
0)3/2

−k2
3z0

2 (ρ2 + z2
0)1/2

, (2)

ª¥ ψl (ρ; γ; δ) Ø=���ëþ µa Ú µ′
s k', �

�p�ëþ γ Ú δ k'.

ψl(ρ; γ; δ) = C−hl(−ν−)[Ql(−ν−r1) − Ql(−ν−r3)]

+C+hl(−ν+)[Ql(−ν+r1)

−Ql(−ν+r2)], (3)

Ù¥ C± Ú hl (νj) ´��1Æëþk'�þ, Q(x)
� ρ k'. äN/ª�ë�ë�©z [15].

ã 1 �m©Eû��ÿþ«¿ã

3 P3 C q � m © E û � � L � ª
� SP3 ¼ê

P3 Cq�m©Eû��L�ª�éû�Cq
û��L�ª�E,éõ, �
�BC1
&ÿ�
¢�ýÿÚ1Æëê�ü, ·�é P3 Cq�m©
Eû��L�ª?1z{±Ï��{z¼ê SP3.
± P3 Cq�m©Eû����� (1 �A��
Ý mfp′′′ < ρ < 2mm) «ã�(J��êâ:, æ
^�êP~¼ê

y = y0 + A1exp(−x/t1) (4)

?1[Ü (·^u�ål�û�Cqû��L
� ª, Ù Ä � ¼ ê � � � ê ¼ ê / ª [4,5]). 3
^ P3 C q � [ ê â �, · � À ½ � ¼ ê n �
ëê δ = 2.71(ØÓ�n�ëêéû��K��
� [9,12]), 1Æëê µa, µ′

s Ú γ 3�Ü©)Ô|�
1Æëê�� [6,7,16](0.01 mm−1 6 µa 6 1 mm−1,
1 mm−1 6 µ′

s 610 mm−1, 16 γ 6 3) S?1À�,
�À� 294 |ëê|?1�[.

3�[êâ|�[ÜL§¥, ª¥� y0 õê
�¹� 0, �éA (4) ª� SP3 ¼ê�Ä�/ª�
½�:

R (ρ;µa;µ′
s; γ) = A1 (µa;µ′

s; γ)

exp [−ρ/t1 (µa;µ′
s; γ)] , (5)

(5) ª ¥ � A1 (µa;µ′
s; γ) Ú t1 (µa;µ′

s; γ) © O
d P3 C q � [ ê â ? 1 n ? [ Ü ( ½. b
½ A1 (µa;µ′

s; γ) Ú t1 (µa;µ′
s; γ) /ª�

A1 (µa;µ′
s; γ) = K0 − K1 (µa + K3µ

′
s)

+K2 (µa + K4µ
′
s)

2
,

t1 (µa;µ′
s; γ) = K ′

0 − K ′
1(µa + K ′

3µ
′
s)

+K ′
2 (µa + K ′

4µ
′
s)

2
, (6)

Ù¥�ëê K0, K1, K2, K3, K4 Ú K ′
0, K ′

1, K ′
2, K ′

3,
K ′

4 �þ�|�ëê γ k', 3 δ = 2.71 �¹e��
�ù
ëê� γ Cz�äN'X�

K0 = 0.21990 − 0.06705γ + 0.00533γ2,

K1 = 0.48627 − 0.28858γ + 0.05431γ2,

K2 = 0.29571 − 0.11742γ + 0.01883γ2,

K3 = −0.06156 + 0.81888γ − 0.18868γ2,

K4 = 0.81402 + 0.01604γ;
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K ′
0 = 0.51812 + 0.10057γ,

K ′
1 = 0.41312 + 0.20613γ,

K ′
2 = 0.08970 + 0.11496γ,

K ′
3 = 0.36526 − 0.15099γ + 0.03264γ2,

K ′
4 = 0.31996 − 0.06922γ + 0.00975γ2. (7)

(Ü (5)!(6)!(7) ª, =���·^uráÂ|�
C1
� SP3 ¼ê�äN/ª. �
u�[Ü��
� SP3 ¼ê, e¡éÙ?1ïÄ.

4 SP3 ¼ê�©ÛÚ?Ø

�â±þ©Û, SP3 ´)Ô|�1Æëê µa,
µ′

s, γ �¼ê, �¼ên�ëê δ � 2.71. ·�
é SP3 ¼ê�� P3 Cqû��L�ª3ØÓ|O
ëê�¹e?1é', éØÓrfáÂ�¹��Å
|O�é'
 48 |. �
�B©ÛÚ'�, 3e¡

�?Ø¥, À�k�Ñ�Xê µ′
s = 1.00 mm−1, á

ÂXê µa ©O� 0.01 mm−1, 0.1 mm−1, 0.6 mm−1,
0.68 mm−1, ��1Æëê γ ©O� 1.2, 1.6, 2.3
Ú 1.9, ±1Æëê| (µa; µ′

s; γ) L«, ©OéA
ã 2 ¥�ã (a), (b), (c) Ú (d). ã 2 ¥� “*” �L«
� P3 Cq, ¢� “—” L« SP3 ¼ê, áÂ�rf
^k��ìÇ α′ L«. ã 2(a) �1Æëê| (0.01;
1; 1.2), �A α′ = 0.99; ã 2(b) �1Æëê| (0.1;
1; 1.6), �A α′ = 0.91; ã 2(c) �1Æëê| (0.6; 1;
2.3), �A α′ = 0.625; ã 2(d) �1Æëê| (0.68; 1;
1.9), �A α′ = 0.60. lã 2 ¥�X�ã�±wÑ:
ã (c) Úã (d) �éuã (a) Úã (b) 5`, SP3 ­�
�� P3 Cq­�ÎÜ�Ð, �Ò´k��ìÇ α′

�� (�A|�áÂ�r), SP3 ¼ê�� P3 CqÎ
Ü�Ð, �UO(£ã1
NC�m©Eû���
¹. ùéu^ SP3 ¼êO�� P3 CqL�ª, l

?�Ú�üráÂ|�1Æëê�~­�.

ã 2 SP3 ¼ê�� P3 Cq3áÂrfØÓ�¹e�'� (a) 1Æëê| (0.01; 1; 1.2), �A α′ = 0.99; (b) 1Æëê| (0.1;
1; 1.6), �A α′ = 0.91; (c) 1Æëê| (0.6; 1; 2.3), �A α′ = 0.625; (d) 1Æëê| (0.68; 1; 1.9), �A α′ = 0.60
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ã 3 ± µa = 0.3 mm−1, µ′
s = 1 mm−1, γ = 1.2 �ëê|��

[êâ, éAØÓ[Üå©ål ρstart �áÂXê (ã a) Ú�
�ëê (ã b) ��ü

�
?�Úu� SP3 ¼ê, æ^��5��
�¦{, ò P3 Cq�[�1
NCráÂ|�
L¡�©Ù5Æ?uØÓålS�(J, ^ SP3

¼ê?1[Ü, d matlab ?§�ü¼�1Æë
ê, ?1
�þé'ïÄ. y�ÅÀÑü|rá
Â|���ü(JXã 3 Úã 4 ¤«. 3éA
ã 3 � P3 Cq�[O�¥, |��1Æëê� µa

= 0.3 mm−1, µ′
s = 1 mm−1, γ = 1.2, �AA��

Ý mfp
′′′

= 0.332 mm,mfp′ = 0.769 mm, k��ì
Ç a′ = 0.77. éAã 4 ��[O��1Æëê
� µa = 0.68 mm−1, µ′

s = 1 mm−1, γ = 1.6, �AA
��Ý mfp

′′′
= 0.295 mm, mfp′ = 0.595 mm, k�

�ìÇ a′ = 0.60. ã 3 Úã 4 ¥� (a) Ú (b) ©O
´áÂXê µa Ú��ëê γ �ØÓ[Üå©å
l ρstart ��ü�¹, k�Ñ�Xê µ′

s �ü�¹
Ó µa aq, ùpØ2�Ñ. ã¥ “o” �L|�¢S
1Æëê,“*” �L�ü(J. dã 3 Úã 4 ��: 1)
�ü(J�[Üå©ål ρstart �ØÓ
ØÓ, d
ØÓålS�û��êâ[Ü����ü(J­

��34�, Xüã¥�ã (a) �üáÂXê µa �
­��34��, üã¥�ã (b) �ü��ëê γ

�­��34��, ­�4�NCéA��ü(J
�¢S|�1ÆëêÎÜéÐ; 2) �ü(J­�4
�NCéA�å©ål´�Z�[Üå©ål, d
Ó�|�[êâ�ü���1Æëê (µa; µ′

s; γ) �
géA��Z[Üå©ål´�Ó�, Xã 3 ��
Z[Üå©ål3 0.30—0.45 mm «mS, ã 4 �
�Z[Üå©ål3 0.25—0.40 mm «mS, ù�
�Z[Üå©ål�¢S|�1Æëêk', �¢
S|�
C, �CzØ´é�. �þïÄuy, �X
k��ìÇ α′ O� (�A|�áÂ~f), dÓ�|
�[êâ�ü���1Æëê (µa; µ′

s; γ) �géA
��Z[Üå©ålÅì�p l, �ü(J�¢
S�Ø�ÅìO�, L² SP3 ¼ê·^uráÂ|
�1Æëê�ü. SP3 ¼ê^u[Üª�ålé1
Æëê�ü��
�A�ïÄ, �Ñ(Ø�[Üª
�ål�À�é1Æëê�üK��~�, [Üª
�ål�3å1
 1.5—2.0 mm «mSÀ�.

ã 4 ± µa = 0.68 mm−1, µ′
s = 1 mm−1, γ = 1.6 �ëê|��

[êâ, éAØÓ[Üå©ål ρstart �áÂXê (ã a) Ú�
�ëê (ã b) ��ü
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5 ( Ø

SP3 ¼êäk{ü�êÆ/ª, ÏdU
^u
¢Sû��ÿþA^. A^ SP3 ¼ê�üráÂ|
�1Æëê�, du�ü(J� ρstart Cz�34
�, �4�NCéA��ü(J��C¢S|�1

Æëê, Ïd;�
duÀJØÓ ρstart �ÿþ(
J�5�Ø�. d	du SP3 ¼ê´)Ô|�1Æ
ëê µa, µ′

s, γ �¼ê, ù�·�ÿþ|����É
5Ïf g Jø
�U5, Ï��âëþ γ �±9 γ

� g �m�'X, Ò�±�� g �. k'ù�¡�
nØÚ¢�ïÄ�3mÐ¥.
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Abstract

Based on P3 approximate spatially-resolved diffuse reflectance theory for semi-infinite biological tissue, the simplified expression

SP3 function for highly absorbing medium close to source is studied. The research result shows that function SP3 can better describe the

spatially-resolved diffuse reflectance close to source for higher absorption; the inversion of the optical parameters of highly absorbing

medium with function SP3 shows the existence of extreme values of the curves fitted with diffuse reflectance data for different start

distances, and the inversion results near the extreme values are the most closest to the optical parameters of real tissues.
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