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Influence of the scattering phase functions on the spatially
resolved reflectance spectroscopy close to the source
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The influence of the different phase functions on the spatially resolved reflectance measurements is stud-
ied with Monte carlo simulations. We show that the spatially resolved reflectance from a homogenous
semi-infinite medium is mostly dependent on the second-order factor of tissue except for the absorption
coefficient, the reduced scattering coefficient and the refractive index at short source-detector separations.
However, the effect of the high-order-factors is very weaker. Then we analyze the given conclusion and find
that the parameter varies with the same current following the first-order moment for the phase functions

containing two parameters.
OCIS codes: 170.3660, 170.6930, 190.5890.

Steady-stated spatially resolved diffuse reflectance has
been studied experimentally and theoretically for many
yearsl!~4.In particular, it has been shown that mea-
surement of the spatially resolved reflectance allows for
determination of the optical properties of biological tis-
sue in vivo*~®. In this technique a narrow of light is
directly projected onto a tissue, and diffusely reflected
light is collected by a fiber-optical detectors in contact
with the tissue surface at several distances p from the
point of incidence. This propagation of light in tissue
can be described by the transport theory, where the op-
tical properties of the tissue are described by the three
quantities: the absorption coefficient i, the scattering
coefficient /g, and the phase function p(#). The diffusion
equation is an approximation of the transport equation
and does not account for the specific form of the scat-
tering function. It has been shown that Rpig(p) is close
to R(p) obtained from the transport equation or equiva-
lently with Monte Carlo simulations, Rvc(p), if the gen-
erally used Henye%f—Greenstein phase function is applied
in the simulations!!!. However, for other phase functions
and a short source-detector separation the differences
between Rpig(p) and Rumc(p) may be substantiall®7-8],
In 1999, Bevilacqua et al. introduced a second-order fac-
tor v = (1 —91)/(1 — 92) and showed that R(p) can be
approximately described by K, #], and A8 where g1, g»
are first- and second —order moments, /. is the reduced
scattering coefficient. Recently Kienle et al. have stud-
ied the influence of the phase function on determination
of the optical properties of biological tissue by spatially
resolved reflectancel®. In this work, we applied Monte
Carlo simulations to calculate the diffuse reflectance by
using different phase functions that contain a single pa-
rameter, two parameters or three parameters. The result
shows that, the spatially resolved reflectance from a ho-
mogenous semi-infinite medium is mostly dependent on
v of tissue except for K., M., and the refractive index
n, not dependent on the g; and the weighting factoraat
short source-detector. Then we find that the parameter
v varies with the same current following the ¢, for the
phase functions containing two parameters. The Monte
Carlo method is well-known to give accurate solutions
for the light propagation in turbid media if interference
effects are negligible. The essential theory is the same as
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the Monte Carlo program compiled by Wang et al.['].
In the simulation, we use 100,000 photons for each sim-
ulation, boundary conditions are taken into account by
using Fresnel and Snell laws for the each photon reaching
the surface, and then take advantage of the semi-infinite
geometry and the cylindrical symmetry.

In the work, we adopt six different phase functions
(PG (0), Prried—Jacq(8); Prissue(f), Pyuc (6), Pug—uc(6),
and Prayi(#)) to calculate the reflectance curves. These
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Fig. 1. Spatially resolved reflectance calculated by the dif-
ferent phase functions with Monte Carlo method. The other
optical properties are ft, = 0.1cm™', . = 10.0cm™"', and
n=1.4.
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Fig. 2. Effect of 91 on the reflectance. The two parameters
are fixed:a = 0.99, v = 1.8.
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Fig. 3. Effect of a on the reflectance for a constant second-
order factor v =1.1.
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Fig. 4. The effect of v on the reflectance with the phase
function Prissue(f) for a constant weighting factor oz = 0.99.

2.0

=~ 1 o m. .
x =T E
T 1.54 =" Ly
= -1
g SETEE ig ¥
== S~ 1
S ~ s i
1
E 1 O'r'" * *\ %
g simulation dots \ H
g .- \ ;
FJ \ '
g 057 - Tissue x i :
S - MHG - S
--wHG-HG ) L
0 [ 1

0 02 04 06 08 10
Scattering anisotropy g,

Fig. 5. Relationships between ~ and ¢9; when o =

0.65,0.8,0.98,0.995 respectively for Prried—iacq(#), Prissue(f),

Pumuc(9), Puc—nc(f) and then when gug: = 0.992, guga
—0.93 for Pug—ua(8).

phase functions are divided into three species according
to the curves that 7 varies with g;. Liu et al. have
summarized the expressions of these phase functions and
their v respectively in detaill'!].

The spatially resolved reflectance for these six phase
functions and typical optical parameters of biological tis-
sue, s = 0.1 cm™!, p} = 10.0 em™ !, and n = 1.4,
are calculated by Monte Carlo method. In Fig.1l six
R(p) curves are depicted. Similarly to those reported
in Refs.[8] and [9], these reflectance curves have consid-
erable difference, and all R(p) curves have similar the
values of reflectance at p =~ 0.07cm. To study how

these phase functions influence these differences in the
reflectance curves, we analyze the effect of g;, the weight-
ing factor a, and ~.

Firstly, we examine the effect of ¢; on the reflectance.
For this, a and - are held constant, and ¢; is varied,
other typical optical parameters of biological tissue are
My = 0.1cm, p = 10.0cm and n = 1.4. In Fig. 2
the reflectance is computed withPrisgue(f)and o = 0.99,
v = 1.8. Figure 2 show clearly that the influence ofg;is
weaker for compounding phase functions mostly contain-
ing two parameters whena and ~yare held constant. In
view of this, we show that the effect of the high-order
factors, such as the third-order factor §, is weaker on
the reflectance at a short distance. Note that we mostly
discuss these phase functions containing one and two pa-
rameters, not talk the phase functions containing more
parameters over.

Secondly, we examine the effect of aon the reflectance.
Figure 3 shows the reflectance computed with Prissue(6)
characterized by identical ¥ = 1.1 but with different «
(e = 0.99,0.9,0.8,0.6), and other typical optical pa-
rameters of biological tissue being H, = 0.1 cm, p, =
10.0 cm, and n = 1.4. We find that the effect of the
aon the reflectance is not important. That is to say, the
values of the reflectance do not almost change when we
change the values of a, making the values of v held con-
stant.

Thirdly, we study the effect of the second-order factor
v on the reflectance. In Fig.4, the reflectance is calcu-
lated with Prigsue(f) by identical & = 0.99 but differ-
ent v (v = 1.8,1.6,1.4,1.2), and other parameters are
Bo = 0.1cm™! pl = 10.0cm™!, and n = 1.4 for all
reflectance curves. Figure 4 indicates clearly that the in-
fluence of v on the reflectance is important close to the
source.

Then, we analyze the relation of 4 and g; to find be-
tween the similarities of the phase functions. Figure 5 is
the relation of 7 and ¢g; with these six phase functions
given in Fig. 1. Figure 5 bring forward that the pa-
rameter -y varies with the similar current following ¢, for
Prried—Jacq(f), PTissue(f), and Pyuc(f), and the phase
function Puc(f) is a particular case of the phase func-
tions Prried—Jacq(f), PTissue(f), and Pyua(#). So we can
use Prigsue(f) to substitute these phase functions Pag (),
DPried—Jacq(f), and Pyug(6) close to the source when ~y
is held constant.

In summary, we have studied the effect of the dif-
ferent parameters (91, a,7y) or phase functions (Puc(6),
Prried—Jacq(f), PTissue(8), Pmnc(f)) on the spatially re-
solved reflectance with Monte Carlo method. We found
that the spatially resolved reflectance from a homoge-
nous semi-infinite medium is mostly dependent on the
second-order factor v of tissue, except for the absorp-
tion coefficient i, the reduced scattering coefficient p}
and the refractive indexnat short source-detector sepa-
rations. However, the effects of the high-order-factors
(i.e., the third-order factor §) or the weighting factoraare
very weaker. And then we can use Prissue(f) to sub-
stitute these phase functions Prcg(6), Prried—Jacq(f), and
Pumuc(f) close to the source when -« is held constant.
These results are important and useful to measure the
parameter «y of tissue, built up the diffuse theory con-
taining the higher-order parameter of the phase function,
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and exactly measuring other optical parameters.
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