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Propagation of polarized light in birefringent turbid
media: A Monte Carlo study

Xueding Wang Abstract. A detailed study, based on a Monte Carlo algorithm, of po-
Lihong V. Wang larized light propagation in birefringent turbid media is presented in
Texas A&M University this paper. Linear birefringence, which results from the fibrous struc-
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trix elements of light backscattered from birefringent anisotropic tur-
bid media present unusual intensity patterns compared with those for
nonbirefringent isotropic turbid media. This result is in good agree-
ment with the analytic results based on the double-scattering model.
Degree of polarization, Stokes parameters, and diffuse reflectance as
functions of linearly birefringent parameters based on numerical re-
sults and theoretical analysis are discussed and compared in an effort
to understand the essential physical processes of polarized light
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1 Introduction tered light obtained from experiments. Yao and Wanged a

Because of the potential for practical applications, especially fime-resolved Monte Carlo technique to present the propaga-
in noninvasive medical diagnosis, there has been increasingtion of polarized light in turbid media. All of the above studies

interest recently in the propagation of polarized light in ran- Were conducted on isotropic turbid media without considering

domly scattering media. Parameters, such as particle size, parth€ Pirefringent effect on polarizations. _
Collagen and muscle fibers are common constituents of

ticle shape, particle density, the properties of the background _ . . . S S
around the scattering particle, and the polarization states of many biological tissues. Tissue birefringence results primarily

incident light, all play important roles in the propagation of from the linear anisotropy of fibrous structures, which forms
light in turbid media=3 It is widely recognized that the po- the extracellular media. The refractive index of the medium is

larization states of light are altered or weakened after photonsigher along the length of fibers than that along the cross
are scattered by small particles in a medium. At the same section. Propagation of polarized light in a birefringent turbid

time, because the depolarization of light depends on the pa-medium is complicated, because both the birefringent and the
rameters of the turbid media as well as the polarization state Scattering effects can change the polarization states of light.
of the incident light, it provides a way to image tumors. For Recently, measurements of birefringence using optical coher-

example, Andersof,Jacques et af.,Demos, and Alfand ence tomographyOCT) were reported by several research

12-16 H
studied the utilization of backscattered polarized light for the 9roups,” ™ where a low-coherence light source was em-

imaging of tissue structures beneath surface. ployed and photons traveling in tissue with matched path
It is known in the field of polarimetry that Stokes vectors 1€ngths were detected for subsurface tissue imaging.
and Mueller matrices provide complete representations of the  Although the optical characteristics of birefringent tissue is
polarization properties of light and optical samples, respec- & area of considerable interest in biomedical imaging, no
tively. Hielscher et al. introduced a Stokes vector/Mueller ~SyStématic and numerical analysis has been previously made
matrix approach and measured the spatially dependent Muel-on the polarization change that occurs in multiply scattered
ler matrix for diffusely backscattered light. Cameron €t al. photpns in blref.rlngent turbid media. This paper describes our
and Rakovic et al. compared experimental results with a detailed analysis, based on a Monte Carlo method, of polar-
Monte Carlo-simulated 16 Mueller matrix elements of light 12ed light propagating in, or backscattered from, birefringent
backscattered from a suspension of polystyrene spheres. The);urbld media. In the second sectlo.n, we will introduce our
proved that there are only seven independent matrix elementsVionte Carlo algorithm based on Mie theory that we use for
because some symmetric relations are satisfied by the elefracing the photons in birefringent turbid media. A double-
ments of the backscattering matrix. Through theoretical analy- Scattering modef that can be used to predict the backscatter-
sis, Rakovic and KattawHr showed that a double-scattering "9 Mueller matrix will be presented for comparison in the

model can effectively emulate the spatial patterns of backscat-third section. The fourth section will describe simulated back-
scattering matrix patterns based on the Monte Carlo method.
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Backscattered photons and the loss is represented Ayw=wX wu,/ut, wherew is
the weight of the photon packet before the scattering event. In
a scattering event, the photon packet will select a polar angle

Incident beam

® and an azimuthal anglé to decide the orientation of the
next step. The anglé is positive for a counterclockwise ro-
tation. Once the polar angl® and the azimuthal anglé are
s - known, the Stokes vector of the photon packet in the new
3 Dby T,4;,8,) local coordinate system is given by
R).MO S'=M(0O)R(¢)S, (1)
i w(A”bl) 1,(4,,P,), R(¢3 M@S
i NN where
Birefringent turbid R($,)M©,)
'medimngwith fiber 1 0 0 0
-direction along the
X-axis 0 cog2¢) —sin(2¢) O
R(O=| ]
vZ sin2¢) cog2¢) O
0 0 0 1
Fig. 1 Geometry of a multiple scattering event in a linearly birefrin-
gent turbid medium. a(®) b(o) 0 0
b(®) a(®) 0 0
The diffuse reflectance, the Stokes parameters, and the degree M(®)= 0 0 dO) —e(®) | 3
of polarization(DOP) of backscattered photons from turbid (
media with birefringence will also be analyzed. The final sec- 0 0 e(®) d(0)

tion will present the conclusions.
S’ andS’ are the Stokes vectors before and after the scatter-

ing event, respectivel\R is the rotation matrix that connects

. the two Stokes vectors that express the same polarization state
2 Monte Carlo Algorithm of the photon packet in two different reference planes. One
The following Monte Carlo analysis of multiple scattering reference plane coincides with another after it rotates an angle
events of light in turbid media is based on the radiative theory. ¢ around the propagation direction of the photon padkets
It is assumed that the scattering event of light is independentthe single scattering matrix deduced from Mie theory, which
and has no coherence effects. In addition, we assume that alis expressed in detail in Appendix A.
of the linearly birefringent tissue can be looked on as a  The polar anglé® and the azimuthal anglé are not uni-
uniaxial material with the slow axigthe orientation with formly distributed betweef0,7] and[0,27). Sampling of®
higher refractive indexalong the direction of the collagen and¢ depends on the probability density functidgtDF of ®
fibers and the fast axighe orientation with lower refractive  and ¢ that is a function of the incident Stokes vector
indeX along the cross section. Scattering is assumed to be

caused by the spherical particles that randomly suspend S
among the birefringent media. The birefringent effect of the S= 5521
considered medium is homogeneous everywhere in the s,

sample, which means that, for different positions in the
sample, the birefringent orientation and the birefringent value _ ;
are tF;\e same. The geometry of a multiple scattering event is p(0,¢)=a(0)+b(O)[S, COS(2¢)+SZSIH(2¢)]/S°&4)
shown in Figure 1. A narrow pencil beam propagates into a
plan-parallel birefringent turbid medium downward along the Detailed sampling equations f@ and ¢ are shown in Ap-
z axis. In this figure, we assume that the direction of the slow pendix B.
axis of the linear birefringence is along tk@xis. Photons are The anisotropic background refractive index around the
scattered in the medium by spherical particles, therefore Mie scattering spheres may slightly change the distributions of the
theory can be used to describe the scattering events. Diffuselypolar angle® and the azimuthal anglé. However, the bire-
backscattered photons are recorded as a functiom,gf on fringence values in biological tissue is quite weatnormally
the upper surface of the medium. less tharll X 10™2), ignoring its perturbation on the PDF 6f

A Stokes vectolS, describes the polarization state of the and ¢ is reasonable. Therefore, the birefringent effect on the
incident photon packet. An individual photon packet propa- polarization is only considered during the paths of light be-
gates in the turbid medium until it is scattered by a spherical tween scattering events.

particle. The transport path lengthbetween two adjacent A photon propagates a random distarsde a linearly bi-
scatters is randomly sampled according $& —In(&)/ur, refringent turbid medium between two adjacent scattering
where ¢ is the random number between 0 and 1, angd events. The birefringent effect of the considered medium dur-

= uat ms is the interaction coefficient. At each scattering ing these discontinuous steps can be looked at as linear re-
point, an individual photon packet will drop part of its energy tarders with two parameterd, and 8, as shown in Eq(5)
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C,=c092p),C4=c094p),S,=siN(2p),5,=sin(4p).

B is the azimuthal angle of the birefringent slow axis on the
x=y plane in the local coordinate system of the propagating
photon.A is the retardation, which can be obtained by

27Ss
N
where An is the difference between the maximum and the
minimum refractive indices of the plane perpendicular to the
propagation direction of the photon packet,is the step
length, and\’ is the wavelength of light in the sample me-
dium. When the anglex between the slow axis of birefrin-
gence and the propagation direction of the photon packet is
known, An can be expressed by

A=(An) (6)

NgN¢
An

()

- V(ngcosa)?+ (ns sina)?

The termsng andn; are the refractive indices along the slow
axis and the fast axis of the birefringent medium that satisfy
the relationshi;g=n¢+ 8, wheredis the linear birefringence
value.

Having identified the process of a single step of the photon
packet in the birefringent turbid medium, we can express the
Stokes vector of a photon packet diffusely reflected after it
has been scatteradtimes in the turbid medium

SES(X,ry,;Merauﬁ)
=[us/(pat Ms)]nx R(o)T(AL,B)M(O)
XR(n)...T(A1,81)M(01)R($1)T(Ag,B0) Sy,
8

whereS, and S represent the Stokes vectors of the incident
and the backscattered photons, respectively, w, are the
scattering and absorption coefficients, respectivélys the
linear birefringence valug(x’,y’) is the detection point on
the upper surface of the turbid medium in the laboratory co-
ordinate; us/(ma+ ms)]" expresses the remaining energy af-
ter the photon has been scatteradtimes; T(4;,8;) (i
=0,1,..n) describes the birefringent effect on the photon
packet during each period of patM(®;) (i=1,2,..n) de-
scribes each single scattering event during propagation;

R(¢;) (i=1,2,..n) is the rotation matrix that connects the Wherer=[p
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0 0
S, SirP(A/2) —S,sin(A)
—C4Sirf(A/2)+cog(Al2)  C,sin(A)
—C,sin(A) cogA)

©)

After each scattering event, the local coordinate system alters
according to the polar angl® and the azimuthal angle.
When a photon packet exits the surface of the sample, an
azimuthal anglep, will be calculated, from which the Stokes
vector can be transformed back to a laboratory coordinate
system.

In Monte Carlo simulations, a large number of independent
photon packets will be launched to obtain average detection
signals. For a certain detection point on the surface of the
medium, the Stokes vector for backscattered light should be
the sum of the Stokes vectors of all of the photon packets that
escaped the medium from this point

num

jn{x!y;fLS!ﬁLTlé)::;E; S{i(pi¢”ﬁLS!ﬁLT!5)l (S»

where num is the number of photon packets exited from this
point.

3 Development of Double-Scattering Model

Rakovic and Kattawar demonstrated a relatively simple ana-
lytical method, a double-scattering model, to analyze the po-
larization patterns of diffusely reflected ligftTheir analyses
revealed that double scattered photons can qualitatively pre-
dict the polarization patterns of diffusely backscattered light
from turbid media. With this technique, most polarization
characteristics of a sample can be effectively expressed
through analytic equations. By adding the linear birefrin-
gence, we have developed a double-scattering algorithm,
which can be used to predict the polarization patterns of light
diffusely reflected from birefringent turbid media.

The geometry of a double-scattering event is shown in
Figure 2, which is similar to Figure 1 except that only photons
that have been scattered twice are counted. The Stokes vectors
of the backscattered photons can be written as

0 (0 dzdz
$S<p.¢>=u§f J — 7 {exd — prl|za| +]z] +1)]
—hJ-h
XTo(Az,B)R(SM (7= O)T1(Ay,B1)

XM(O)R()To(Ag,B0) S0} (10)
2+ (z—2")%1Y?, O@=tan Y(p/lz—2)], h is the

reference plane and the scattering plane for each scatteringhickness of the sample.

event;R(¢,) is the rotation matrix that transforms the Stokes

vector of the photon in the local coordinate system to the
Stokes vector in the laboratory coordinate system. In our
Monte Carlo simulation, a local coordinate system is propa-
gated together with the Stokes vector of the photon packet.

On the condition that the slow axis of the birefringence is
along thex axis in the laboratory coordinate,

A 2mr
=8

27721
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I
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Fig. 2 Geometry of a double-scattering event.

o T cosO sing¢ B _ .
Bo=PB2=0, Bi=tan W v 0=Ng—ng. mgy; may Mma3 Maa
(12
The termé’ can be expressed as
ngn
5= — n, (13

~ J(nycosa)?+ (n; sina)?

where

a=cos (sin® sing). (14)

When the radius of the scattering spheres in the turbid
media is smallin the case of Rayleigh scatteringhe param-
eters in matrixM can be expressed as

_3 g _ 3 ¢
a(@)—ﬁ(lJrco 0), b(@)—ﬁ(—lﬂLco 0),

2 (15
d(®)= ECOS@, e(®)=0.

By applying the above Eq$10)—(15), we can arrive at the
analytic expressions of the azimuthal patterns of the 16 Muel-
ler matrix elements of backscattered light as shown in Appen-
dix C.

The 16 matrix patterns of backscattered light calculated by
our double-scattering model are shown in Figuréa) &nd
3(b) for a birefringent turbid medium and an isotropic turbid
medium, respectively, where each map shows the spatial dis-
tribution of a Mueller matrix element in gray scale. These
figures show comparable results with those simulated by the (b)
Monte Carlo algorithm shown in Figure 4, where the scatter-
ing coefficientus is 100 cm'%; the absorption coefficient,
is 0.1 cm'%; the refractive indices of the background medium
are 1.330 and 1.335 along the fast and slow axes, respec- ) ) )
tively; the wavelength of the lighin vacuois 594 nm. Each '8 3 Mueller matrices of light backscattered from fa) a slab of lin-

. LS . . . . early birefringent turbid medium and (b) a slab of isotropic turbid

matr_lx element in F_lgure 3 !S a two_-dlrr_1e_n3|ona! image of the medium, which is simulated by the double-scattering model. The
medium surface with the light being injected in the center, siow axis of the birefringent medium is along the x axis in the labo-
0.2x0.2 cnf in size. ratory coordinate.
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Fig. 4 Monte Carlo simulated Mueller matrices of light backscattered
from (a) a slab of linearly birefringent turbid medium and (b) a slab of
isotropic turbid medium. The slow axis of the birefringent medium is
along the x axis in the laboratory coordinate. Size of each map is
0.06X0.06 cm”.

4 Results
4.1

Monte Carlo simulated Mueller matrix patterns of light back-
scattered from a linearly birefringent turbid medium and an
isotropic turbid medium are shown in Figure@@dand 4b),

Mueller Matrix Patterns

Propagation of Polarized Light in Birefringent Turbid Media . . .

of the birefringent medium is along theaxis in the labora-
tory coordinate. The birefringence valdds 1.0 10 3. The
refractive indices of the birefringent medium along the slow
axis and the fast axis are 1.331 and 1.330, respectively. For
the isotropic sample with no birefringent effect, the refractive
index of the medium is 1.330. Other parameters of the two
media are the same: the radius of scattering spheres is 350
nm; the refractive index of scatterers is 1.57; the wavelength
of the lightin vacuois 594 nm; the absorption coefficient,

is 1 cm %; the scattering coefficient is 90 cmi'; the thick-
ness of the medium slab is 0.2 cm; the anisotropic fagtisr
calculated to be 0.9; and the size of each picture in Figure 4 is
0.06x 0.06 cnf. The main characteristic of every Mueller
matrix element in Figure 4 is similar to that of the correspon-
dent map in Figure 3, including the shape as well as the dis-
tribution of positive and negative areas. The small discrepan-
cies between Figures 3 and 4 result mainly from the multiple
scattering events in the turbid medium that cannot be ex-
pressed through the double-scattering model.

The linear birefringence in turbid media variously alters
the polarization states of photons according to their trajecto-
ries of propagation. Moreover, the sampling of scattering di-
rection (expressed by the polar angé and the azimuthal
angle ¢) in the single scattering event is a function of the
polarization state of the photon being scattered, as shown in
Eq. (4). Therefore, the linear birefringence in the turbid me-
dium leads to changes in the spatial intensity distributions of
the Mueller matrices of diffusely reflected light. The varia-
tions of seven element8) 4, Mys, M3, Myq, Mys, My3, and
My, @among the 16 Mueller matrix elements are most obvious
because the transformation between circular polarization state
and linear polarization state in the turbid medium is enhanced
by the linear birefringence. The shapes and contrasts in the
patterns of these seven elements are highly dependent on the
birefringence values as well as the orientation of birefrin-
gence. With the parameters in Figure 4, the shape,of
M4, Mg4, @andmy, are similar to those fomyz, my3, Mss,
andm,z, respectively, though the contrasts in the patterns are
different.

It is expected that the pattern of the matrix elemmegj is
no longer rotationally symmetric but depends on the azi-
muthal angles on thg—y plane in the laboratory coordinate.
Because of the direction of the birefringence, the loss of the
degree of circular polarizatiofDbOCP depends on the trajec-
tory of individual photon. The statistical distribution of the
change in circular polarization in the birefringent turbid me-
dium can be observed from the spatial intensity pattern of
DOCP of the backscattered light. For turbid media with the
birefringent slow axis orientated along tkeaxis, y axis, 45°
on thex—y plane, andz axis, the DOCP patterns of the back-
scattered light have different azimuthal distributions, as
shown in Figures @) —5(d), respectively. Where the incident
light is right-circularly polarized, the thickness of the medium
slab is set to be 0.1 cm; the other parameters are the same as
those used for Figure 4. Conversely, the intensity patterns of
the backscattered light can provide particular information

respectively, where each map shows the spatial distribution of about the birefringence in the turbid medium for subsurface
a Mueller matrix element in banded gray scale. The slow axis imaging.
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incident light is unpolarized and the direction of the birefrin-
gent slow axis is along theaxis in the laboratory coordinate.
W, and ug are set to be 1 and 90 ¢rh respectively. Under

L0 this condition, when the birefringence valiégs 2x 103, the
0.8 DOP of backscattered light increases to nearly 0.1.
Because of the discrepancy of the birefringent effect on
0.6 polarized light with different propagation orientation and dif-
ferent polarization states, and because of the spatial distribu-
0.4 tion of polarization after single scattering events in the Mie
regime, for unpolarized incident light, the intensity distribu-
0.2 tion of the diffuse reflectance from the birefringent turbid me-
dia may no longer be circularly symmetric. Instead, it depends
0.0 on the azimuthal angle as well as the orientation of the linear
birefringence in the medium. This is a reasonable explanation
(d) for the phenomenon observed in our previous experiménts.
In that work, oblique-incidence reflectometry was adopted for
Fig 5 DOCP patterns of backscattered |ight from a Iinearly birefrin- measuring the apparent absorption and reduced_scattering co-

gent turbid medium with the slow axis along the (a) x axis, (b) y axis,
(c) 45° angle on the x—y plane, and (d) z axis, respectively. The inci-
dent light is right-circularly polarized.

efficients along different directions in the sample according to
the orientation of tissue fibers. Because of the linear birefrin-
gence caused by muscle fibers, the spatial distributions of the
diffuse reflectance were not equal for the probe aligned at 0°
4.2 Birefringent Effect on the Diffuse Reflectance (paralle) and 90° (perpendicular to the orientation of the
for Unpolarized Incident Light muscle fibers. Therefqre, calculgtlons based on d|ffl_JS|on
. . _ theory demonstrated different optical parameters of chicken
We know that linear retardprs W.'” not cause any change in the et tissue along different orientations. In that experiment
_Stokes vector of unpolarized light. However_, once _unpolar- on a chicken breast sample with birefringent effect, when the
ized photons have been scattered by scattering particles, the)(/vavelength of the incident lighin vacuowas 450 nm, the
will present partial polarization states, which depends on the detected absorption coefficient, for the probe aligned ,at 0°
scattering angle in a single scattering event. On the condition was smaller than that with the probe aligned at 90°, while the
that the sample is made of spherical particles suspended in an rected reduced-scattering coefficieat. for the ’probe
isotropic medium without the birefringent effect and the inci- aligned at 0° was bigger than that with the probe aligned at
dent light is unpolarized, the statistical DOP of the backscat- 90°. For a turbid medium with a birefringent value equal to 0
tered photons remains zero, even though the spatial distribu->" °

S : ,
tions of the polarization may present patterns, for instance, the.(nonbllrefrlngent turbid medjathe detectedu, and us are

pictures of elements,;, My;, May, andmy, shown in Fig- independent of the orientation of the detection probe. With
ure 4b). With the linear birefringence in a turbid medium, the our qute Carlo algorithm for blrefrlngent t“fb'd media, we
statistical DOP of backscattered photons may no longer be can ]mltate the method adopted |n.the experlment. A.S shown
zero, because the linear birefringence destroys the isotropici. Figure @), a beam of unpolarized light was obliquely

; : jected upon a linearly birefringent turbid medium, where the
property of the medium and has different effects on the polar- Injecte .
ized photons with different trajectories. In Figure 6, we direction vector of the beam {8/2/2,0¥2/2) in the laboratory
present the DOP of total backscattered light from a linearly coordinate; the birefringence valugis 0.01; the rlefract|ve
birefringent turbid medium for different birefringence values Ndex of the medium along the fast axis is 1.330; the refrac-
5, where the Stokes vectors of all the backscattered photot'Ve index of scatterers is 1.57; the radius of the scattering

packets are summed up before the simulation of DOP. The SPheres is 280 nm; and the wavelength of lightacuois 450
nm. The slow axis of the birefringence was set to be along the

x axis and they axis in the laboratory coordinate, respectively.
, - . : After multiple scattering events, photons exiting the medium

0.104 : from the area near theaxis were collected for measurement
of the spatial distribution of diffuse reflectance along the
0.08+ axis. Through calculatiom\x; is 0.1 cm andAx, is 0.19 cm
& 0.061 ] for the slow axis of birefringence along tieaxis andy axis,
a respectively, as shown in Figurgbj. Using the algorithm
0.04+ 1 developed by Wang and Jacqud@sye calculated the apparent
absorption coefficienju, and reduced-scattering coefficient
0.021 wne for the sample with the birefringent slow axis along the
0.00L8 . : i : two orientations, respectively. When the slow axis is along the
0.0000 0.0005 0.0010 0.0015 0.0020 x axis, the absorption coefficient, is 0.13 cm?® and the
Birefringence value & reduced-scattering coefficient, is 14.10 cm®. When the
Fig. 6 DOP of backscattered light from a slab of linearly birefringent Slo‘f"l aXI_S 1S alc_)ng th@ axis, u 1s 0.25 Cm ! and_’u‘é IS _6'98
turbid medium for unpolarized incident light as a function of the bi- cm . It is obvious that when the detection points aligned at
refringence value §. 0° with respect to the slow axis, the simulated and u.., are
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Fig. 8 (a) DOP and (b) normalized energy proportion of backscattered
photons as functions of the order of scatters N for linear and circular
incident polarizations.

Fig. 7 (a) Schematic representation of obliquely incident light upon a
birefringent turbid medium. The direction vector of the incident light
is [(v2/2,0,v2/2)] in the laboratory coordinate. For comparison, the
slow axis of the birefringent medium is along the x axis and y axis,
respectively. (b) Monte Carlo simulated distribution of the diffuse re-
flectance of light along the x axis on the surface of the turbid medium.
an increase in the order of scatters during propagafion,
smaller and bigger, respectively, than the simulated results forwhich is the reason why backscattered light from a highly
the detection points aligned at 90°. The relative changes,in  scattering turbid medium is partially polarized with a low
and g are in good agreement with the results observed in the DOP. We calculated the DOP of photons that have been scat-
experiment. teredN (N is from 1 to 90 times in an isotropic turbid me-

We know that the refractive index of the medium is higher dium for linear and circular incident polarizations, respec-
along the length of fibers than along the cross section. There-tively, as shown in Figure (8). Figure &b) shows the
fore, the scattering cross section of fibers is anisotropic, which proportion in the backscattered light energy for photons that
affects the distribution of the light after a scattering event and have been scatterédtimes, where the wavelength of ligint
then changes the result of spatial distribution of the diffuse vacuois 450 nm, the refractive indices of the medium and
reflectance. Since the birefringence valdi@ biological tis- scattering spheres are 1.33 and 1.57, respectively; the radius
sue is quite weak, it is reasonable to ignore the perturbation of of scattering spheres is 350 npag is 90 cmi; u,is 1 cm';
the anisotropic scattering cross section on the spatial distribu-and g is calculated to be 0.9. In order to imitate the actual
tion of the scattering angle for each scattering event. There-situation in the experiment, we set the receiving angle of the
fore, we assume that the main effect of the birefringence on photon detector to be less thans 1(0.85. For linear inci-
the polarization states comes from phase retardation duringdent polarization, the DOP of light backscattered from a high
the light propagation between adjacent scattering events. Ourscattering turbid medium comes mainly from photons that
simulations based on this assumption show that the birefrin- have been scattered less than ten times; while for circular
gence effect between adjacent scattering events at least partlyncident polarization, the DOP comes mainly from photons
explains the phenomenon that linear tissue birefringence al-that have been scattered 10—30 times. From Fig(ai \8e
ters the diffuse reflectance of unpolarized incident light. can see that the circularly polarized photons keep their polar-
ization state better than the linearly polarized photons after
multiple scattering. With the above parameters, the size factor
ka is calculated to be 6.5 and the scattering events are in the
In general, when a polarized light is projected upon a turbid MIE regime. This result coincides with the analysis of Bicout
medium, the DOP of the backscattered photons decreases wittet al. for the multiple scattering on condition tHea>1.3

4.3 Birefringent Effect on the Diffuse Reflectance
for Polarized Incident Light
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Fig. 9 DOP of backscattered light from a turbid medium with different
birefringence value 8. The slow axis of the birefringence is along the x
axis in the laboratory coordinate. States of incident light are right-
circularly polarized and linearly polarized with the orientation of po-
larization parallel, perpendicular and at 45° angle according to the
slow axis of the birefringence, respectively.

Birefringence in a turbid medium alters the polarization
states of photons propagating in it. In the Mueller matrix
shown in Eqgs.(5)—(7), B and A are two parameters deter-
mined by the step length, the local coordinate of the photon,
as well as the orientation and of the linear birefringence.

The step length, orientation, and the local coordinate of pho-

ton propagating in a highly scattering turbid medium are ran-
domly sampled; therefor@ and A in the T matrix between

two scattering events are also randomized. For the backscat-

tered photons after multiple scattering in turbid media, the
statistical effect of linear birefringence on the initially polar-
ized light is depolarization.

Figure 9 shows the DOP of total backscattered light versus

the linear birefringence valuéfor different incident polariza-
tions, where the orientation of the birefringent slow axis is

DOP

0.00

0 20 40 60 80 100 120 140 160 180
Angle (deg.)

Fig. 10 DOP of backscattered light vs the orientation of the polariza-
tion (from 0° to 180°) of the linearly polarized incident light.

respectively, into Eq(10) for S;. Next, we integratésgs, the
Stokes vectors of double scattered photons in the laboratory
coordinate system, over the azimuthal angle[0,27) and

the radiusp €[ 0,p4] that describe the detected sample surface
around the incident point. After reasonable simplification
whendis large enough, the DOP of all of the double scattered
photons for the linearly polarized incident light with the po-
larization axis oriented along theaxis ory axis tends to be

PO
DOPS= f dp d¢
0

Po
%J'O ° (%dzdz
r_z{eXF[_,U«T(|21|+‘22|+r)]'a(®)a(77—®)
-nd -n

2w
Xdpf
0

which is a constant not equal to zero and independeri of

F Si(p.d)+S3(p, ) +S3(p. b)
0 So(p, )

0 (%dzdz
—z— (& — pr(|za] (2| +1)]-b(®)b (7~ O)
—hJ -n

cod(2¢)dd, (16)

along thex axis in the laboratory coordinate system. Because When the linear incident pola_rization is orit_ented along 45° on
the DOP of backscattered light for circular incident polariza- th€x-y plane, we can determine by deduction that the DOP of
tion comes mainly from photons scattered 10—30 times and the total double-scattered photons tends to be zero when
because of the depolarization of the birefringent effect on the increases. Moreover, we find that through analytic deduction
multiply scattered photons in the turbid medium, the DOP of ther Iovy-scatt_ere(_j photo_ns present S|m|Ia_1r re_sults. For a tur-
backscattered light tends to approach zero asstmereases. ~ Pid medium with linear birefringencéthe birefringent slow

It is interesting that the curves of simulated DOP for back- XIS is along thecaxis in the laboratory coordingtehe DOP
scattered light versus the birefringence valtiare different pf t(_)tal backscattered light Versus the one_ntatlpn of the polar-
for linearly polarized incident light with the polarization axis ization (from 0° to 1807 of the incident light is shown in
oriented at different angles on they plane. When the polar- ~ Figure 10. The peak of the DOP appears when the polariza-
ization axis for the incident light is oriented at 0° or 90°, the tion of the incident light is oriented at 0°, 90°, or 180° on the
DOP of diffusely reflected light does not change significantly *—Y Plane while the lowest value appears when the polariza-
when & increases. While the polarization axis is oriented at 10N is oriented at 45° or 135°.
45°, the DOP of diffusely reflected light decreases and tends
to approach zero a8increases.

We have shown that the DOP of backscattered light for
linearly polarized incident light comes mainly from the low-
scattered photons, for example, the photons that have bee
scattered twice. Let us enter

4.4 Comparison with OCT Results

Depth-resolved monitoring of tissue birefringence is accurate
using polarization-sensitive OCT. With our Monte Carlo algo-
"tithm for photon propagation in birefringent turbid media, we
can explain the experimental results obtained previously and
explore new optical phenomena in fibrous tissues. In order to

1 1 1 imitate the actual situation of OCT, we only count the low-
1 s or 0 scattered photongorder of scatters less than Zor Sk;
o1"| © 1) =[%,S1,S,,S;]7, the detected Stokes vectors of backscat-
0 0 0 tered light. The wavelength of liglim vacuois 450 nm;u is
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Fig. 11 Stokes parameters of the light diffusely reflected from different . ) )
depths in the linearly birefringent turbid medium for (a) right-circular Fig. .12 Stqkes ‘parameters (?f the backscattered |'8'ht fro.m a tl{rb'd
incident polarization and (b) linear incident polarization with orien- medium W'th 'dlfferent blre'frlngerwce. value 5f0f' (a)' rlght—'cwcular inci-
tation parallel, perpendicular and at 45° with the optical axis. For the dent polarization and (b) linear incident pole}rlzatlon with the orien-
comparison with OCT results, only low-scattered photons are tation parallel, perpendicular, and at 45° with the optical axis. For
counted. comparison with OCT results, only low-scattered photons are

counted.

90 cm Y w,is 1 ecm't gis 0.9; and the receiving angle of the
photon detector is set to be less thens 1(0.95. Figures 12a) and 12b) show the Stokes parameters of the
Figure 11 shows the simulated Stokes parameters of back-backscattered light changing with the intensity of birefrin-
scattered light from a birefringent turbid medium versus the gence values for right-circular and linear incident polariza-
depth where the light is reflected. The birefringence valis tions, respectively, where only the photons reflected from a
set to bel.0x 10 3. For right-circular incident polarization,  certain depth(0.05-0.06 cm in the turbid medium are
several periods 08, andS;, cycling back and forth between  counted.
1 and—1, are shown in Figure 14), which can be explained
by the periodic phase retardation caused by the birefringence .
during the light propagation. Figure (t) presents thé&, pa- 5 Conclusions
rameter for the linearly polarized incident light with the ori- Tissue birefringence caused by fibrous structures is a common
entation of polarization either parallel, perpendicular, or at a phenomenon in biological samples. For polarization-sensitive
45° angle in respect to theaxis in laboratory coordinate. For  optical imaging of biological tissue, detailed study of the po-
the orientation of polarization along the 45° angh, oscil- larization characteristics of birefringent turbid media is nec-
lates with increasing depth of reflection because of the bire- essary. Based on some reasonable simplification, the Monte
fringent effect in the turbid medium. All of the results in Fig- Carlo algorithm for the simulation and analysis of the mul-
ure 11 are in good agreement with the OCT measurementstiple scattering events of polarized light in linearly birefrin-
obtained by de Boer, Milner, and Nelséhin their experi- gent turbid media is developed. Simulated spatial patterns of
ments, right-circularly polarized light and three kinds of linear Mueller matrices, spatial patterns of DOP, diffuse reflectance,
polarized light were adopted to incident upon a birefringent DOP and Stokes parameters of backscattered light for differ-
tissue, respectively. Then the Stokes parameters with respecent birefringent parameters of media as well as different inci-
to the depth were measured. The profiles of Stokes param-dent polarizations are presented and analyzed in this paper.
eters,S,, S;, for right-circularly polarized incident light, and ~ Some of the results are in good agreement with the phenom-
S, for linearly polarized incident light orientated at the 45° enon observed in former experiments, which provides a theo-
angle all presented oscillations with increasing sample depthretical basis and explanation for the experimental study of the
as expected for a linear birefringent sample. polarization characteristics of birefringent tissues.
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The Monte Carlo algorithm presented in this paper is based “ o
on a specific model, which outlines Mie scattering of light by S1(0)=> ———(a,m,cos® +b,7,cos0),
spherical scatterers in a homogeneous background birefrin- =1 N(n+1)
gent medium. The general trends of the results obtained in this (A2)
paper illustrate the general nature of polarized light behavior “ 2n+1
in a scattering birefringent medium but do not specifically Sz(®):n§_:1 m(bnﬂ'n cos® +a,7,c0s0).

match the behavior of a specific tissue. The theoretic study
presented should contribute to the understanding of the essenParameters in EA2) are shown as follows:
tial physical processes of polarized light propagation in bire-

fringent tissues. Some of the polarization characteristics of SH(Y) Sh(X) = NreiSa(Y) Sh(X)
backscattered light from birefringent turbid media are ob- an:S/ “n TToN

served for the first time, which can provide potential methods n(Y) n(X) = NreiSn(Y) {n(X)

for use in actual subsurface tomography of fibrous tissues. In , ,

real tissues, the characteristics of birefringence and the scat- :nre|Sn(y)Sn(x)—Sn(y)Sn(x)

ters are much more complicated. The birefringent orientation " NeSHY) n(X) = Sa(Y) ()’

and the birefringent value may be different for the various (A3)
layers in the tissue. When this is the case, the assumption in (2n—1)cos® n

this paper that the birefringent effect of the considered me- =T a1 Tn-1T q Tn-2

dium is homogeneous will not hold. However, by using the
method introduced in this paper and by dividing the sample
into many layers according to the birefringent effect, we can
still study those birefringent tissues with complicated wheren=n./n, (ng is the refractive index of the scattering
structures’ Because of the nature of the Monte Carlo simu- spheres and,, is the refractive index of the background me-
lation, coherent phenomena cannot be modeled using thedium), 7;=1, m,=3 cos®, r,=cos®, and r,=3 c0%20).
method presented in this paper. However, this simulation of 5 (z), S/(z), {.(z) can be obtained from

polarized light propagation in birefringent turbid media can be

Th=ncosOm,—(n+1)m,_q,

applied in the noncoherent regime or in cases where coherent z\ 12
effects are removed. Sn(Z):(? Jn+052),

, T 1/2 mz 1/2 ,
Acknowledgments Si(2)=|g;] InrodDH|{ 5| Jnios2), (A4)
This study was sponsored in part by National Institutes of
Health Grant Nos. RO1 CA71980 and R21 CA83760, Na- {n(2)=S,(2)+iC(2),

tional Science Foundation Grant No. BES9734491, and Texas

Higher Education Coordinating Board Grant No. 000512- where
0123-1999. 12
Tz
Col2)= —(7) Ni-o0s(2),
Appendix A " " (A5)
. . . . rs 4
Based on the Mie theory, the single scattering matrix is ex- Cl(2)= _( ) n+05(2)_(_) Npso5(2).
pressed as 8z
Jnso5(2) is the Bessel function of the 1st kirithe order is
n+0.5 andN,, o5(z) is the Bessel function of the 2nd kind
(@) b(®) 0 0 (the order isn+0.5).
o b(®) a(®) 0 0
M =
(©) 0 0 d(O) —e0)
0 0 e®) d(©) Appendix B

The combined PDF function of the polar andgke and the
where® is the scattering polar angle and azimuthal anglep is
p(©,$)=a(0)+b(0)[S,coq2¢)+S,;siN2¢)]/Sy,
(B1)
(A1) wherea(®) andb(®) can be calculated from the equation in

Appendix A. Polar angl® €[0...7] anda(®) satisfies the
following normalization requirement:

a(@)=3(|SI*+[S1/?), b(0)=3(|S;*~]S:/*)

d(0@)=3(S;S]+5,S3), d(0)= 523* $,S5).

S,(0) andS,(0®) are obtained from 277[0 (0)sin®)do=1. (B2)
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Sampling of® can be fulfilled from Eq(B2). The cumulative
distribution function(CDF) function of ® can be expressed as

0
P{0=< 0$®}=277J a(@)sin(9)do=¢, (B3)

0
where¢ is a random number normally distributed between 0
and 1. Wher® is known, the azimuthal anglé¢ between0,

27| can be sampled according to the PDF function

_,, b(®) [S;coq2¢)+S;siN(2¢)]

Through the accumulation of the above PDF from 0¢io
CDF of ¢ has the expression
o

. (B4

P{0$ o= ¢}

¢[1+ b(®) [S;coq2¢)+S,siN(2¢)]

)

B a(®) So
~ [2r[ Db(®) [S,c082¢)+ S, sin2e)]
fo [” a(0) S ]d*"
1 b(0®)|S;sin2¢+S,(1—cos 2p)
2|+ 2 25, |-

(BS)

where ¢ is a random number normally distributed between 0
and 1.

In order to expedite the simulation, the CDF results for
®e[0,7] and ¢ [0, 2] are simulated according to Egs.
(B3) and(B5) before launching the first photon packet, where
the step sizes of the two angles are betth000 in our simu-
lation. When® increases from 0 tar (or when ¢ increases
from O to 2m), the CDF of® (or the CDF of¢) increases
from O to 1. In each sampling d® or ¢, we first obtain a
random numbeé. Then, we find the correspondent an@ler
angle ¢ by sorting the CDF result of the angle.

Appendix C
The expressions of Mueller matrix patterns of backscattered

light from birefringent turbid media are much more compli-
cated than those for isotropic turbid media. After simplifica-
tion, azimuthal functions of the 16 backscattering Mueller
matrix elementsn;; (i,j=1,2,3,9 can be expressed as
my1=|A1(p,5)|,
myo=|A1p,8)|-cog2¢),
Mys=—[As3(p,5)|-sin(2¢),
M= —|A14(p,d)|-sin(2¢),
My1=|Az(p,6)|- cog2¢),
Myo=[AgdAp, )| - cOg4¢)+ Byl p,5)|,

Ma3= —|Ags(p,d)|-sin(4¢),

Propagation of Polarized Light in Birefringent Turbid Media . . .

Mas=—|Az4(p, )| - sin(4¢),
Ma1=|Aszi(p, d)|-sin(2¢), (CY
Mao=|Asxp,d)|-sin(4¢),
Mg Ass(p, 8)| - cog4¢) —[Baa(p, )],
Mas=|Asa(p,8)|-cog4¢) —|Bay(p,5)],
My=—[Ag(p,5)|-sin(2¢),
Mao=— A4 p, 8)| - sin(4¢),
|A43(p,6)|-cog4¢)+[Badp, )|,

Mys=—|Ag4p, 5)|- cog4¢) +|B,y(p,5)|.

All of the coefficientsA;; and B;; are functions ofp (the
source-detector distancend linear birefringence valué,
which are independent with the azimuthal angle

My3= —
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