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Optical clearing improves the penetration depth of optical measurements in turbid tissues. Polar-
ization imaging has been demonstrated as a potentially promising tool for detecting cancers in
superficial tissues, but its limited depth of detection is a major obstacle to the effective appli-
cation in clinical diagnosis. In the present paper, detection depths of two polarization imaging
methods, i.e., rotating linear polarization imaging (RLPI) and degree of polarization imaging
(DOPI), are examined quantitatively using both experiments and Monte Carlo simulations. The
results show that the contrast curves of RLPI and DOPI are different. The characteristic depth
of DOPI scales with transport mean free path length, and that of RLPI increases slightly with
g. Both characteristic depths of RLPI and DOPI are on the order of transport mean free path
length and the former is almost twice as large as the latter. It is expected that they should have
different response to optical clearing process in tissues.

Keywords : Polarization imaging; penetration depth; optical scattering.

1. Introduction

Polarization imaging has been applied to turbid
tissues.1–4 Since multiple scattering depolarizes the
incident polarized light, penetration depth of polar-
ization imaging based on differential polarization
measurements is limited to the superficial layers of
tissues. Optical clearing5,6 can improve the pene-
tration depth of optical measurements7 and help
clinical applications of polarization imaging.

There have been limited attempts to study the
penetration depth of polarization imaging. Jacques
et al. applied degree of polarization imaging (DOPI)
to the skin pathology and showed that its imag-
ing depth was less than 300 microns.2,8 Liu et al.

investigated the depth selective capability of polar-
ization gating for tissue characterization.9 Using
Monte Carlo simulations and isotropic tissue phan-
tom, they concluded that the depth of polarization
imaging is on the order of the mean free path length.
Using experiments and Monte Carlo simulations,
Yao et al. have investigated the contrast mechanism
of DOPI for three types of isotropic targets, i.e.,
reflecting, absorption and scattering.10 They also
concluded that the depths of DOPI for all the tar-
gets are a few mean free path lengths.

Recently, we developed rotating linear polar-
ization imaging (RLPI)11 which provides a set
of parameters to quantitatively characterize the
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optical properties of anisotropic media. We also car-
ried out further studies to examine the scattering
behaviors of polarized photons in anisotropic media
using Monte Carlo simulation12 and to apply RLPI
to clinical diagnosis of abnormal skin.13 In this arti-
cle, we use bovine skeletal muscles buried in the
suspension of polystyrene spheres as the sample,
and examine the characteristic depth behavior of
RLPI and DOPI. Results of both experiments and
Monte Carlo simulations show that the depth of
DOPI scales with transport mean free path length
and that of RLPI approximately scales with it. The
penetration depth of RLPI also increases slightly as
the anisotropic factor g increases. Depths of these
two methods are on the order of transport mean
free path length, and RLPI penetrates twice as deep
as DOPI. These results can help us to study how
optical clearing impoves the depth of polarization
imaging.

2. Methods

Figure 1 shows a diagram of the experimental set-
up for RLPI and DOPI. Light of wavelength 650 nm
from a 1-W LED is collimated by a lens L1, prop-
agates through a rotatable linear polarizer P1 and
illuminates the sample at 25◦ to the normal of sam-
ple surface. Backscattered photons from the sample
pass through the rotatable analyzer P2 and are col-
lected by lens L2 and recorded by CCD. By rotat-
ing both P1 and P2, polarization angles for illu-
mination θi and for detection θs are changed. For
RLPI, we first record a series of intensity images
I(θi, θs) and I(θi, θs + π/2), and then calculate at
each pixel the linear differential polarization (LDP),
[LDP(θi, θs) ≡ I(θi, θs)−I(θi, θs + π/2)]. The LDPs

Fig. 1. Schematic diagram of the RLPI and DOPI experi-
mental set-up.

are fitted to Eq. (1) using a nonlinear least squares
method to obtain a set of new parameters A, B, C,
ϕ1, and ϕ3.14

LDP(θi, θs) =
1
2
Iin ∗

√
A cos(4θs − ϕ1) + B

∗ cos[2θi − ϕ2(θs)]

+
1
2
Iin ∗ C ∗ cos[2θs − ϕ3]. (1)

Each of these parameters forms its own pixel
image. They are independent of incident and detec-
tion polarization angles and are related to differ-
ent structural or optical properties of the sample. It
was found that a derived parameter G ≡ A/B, can
quantitatively characterize the anisotropic proper-
ties of the sample.14 During each RLPI experiment,
we can also obtain DOP images using intensity
images corresponding to θi and θs = θi + π/2:

DOP =
I(θi, θi) − I(θi, θi + π/2)
I(θi, θi) + I(θi, θi + π/2)

. (2)

Since DOP is sensitive to the orientation of the
fiber in the sample8,14 and the polarization angle of
the incident light,15 in the present paper, we take
DOP images with the incident polarization angles
parallel to the fibrous structure at the surface of the
sample. In contrast, G is insensitive to the orienta-
tion of the fibers in the sample and independent of
the polarization angle of the incident light.14

3. Monte Carlo Analysis

As shown in Fig. 2, a fibrous medium as a target
(“medium 2”) is buried in the isotropic medium
(“medium 1”) with changing depth zd. Medium 1
is the suspension of the microspheres. The surface
plane of the sample is perpendicular to the Z-axis
and the incident-detection plane in Fig. 1 is paral-
lel to X–Z plane. Both the fiber orientation in the

Fig. 2. The geometry of the sample under this study. The
shadow part is the target.
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anisotropic medium 2 and the 0◦ linear polarization
angle of the incident light are parallel to X-axis, at
which DOPs are obtained.

To quantitatively study the imaging depth of
RLPI and DOPI for fibrous media, Monte Carlo
simulation based on a sphere-cylinder scattering
model12,13 is used. We simulate the propagation of
polarized photons in such sample and obtain G and
DOP images. The diameters of the spherical and
cylindrical scatterers are 1.5 µm and 2.0 µm respec-
tively. Refractive indices of the spherical, cylindri-
cal scatterers and the liquid are 1.59, 1.4, and 1.33
respectively. The scattering coefficients of the sus-
pension and the fibrous medium are 30 cm−1 and
130 cm−1. The cylinders are aligned along X-axis.
The thickness of medium 2, t, is 2.0 cm and the
depth of the target, zd, changes from 0 to 9 mm.

We calculate contrasts of G and DOP to com-
pare quantitatively the depth behavior of RLPI and
DOPI:

contrast =
∣∣
∣
∣
itar − ibg

itar + ibg

∣∣
∣
∣ , (3)

where itar and ibg are the signal of the tar-
get (medium 2) and background (medium 1)
respectively.4,10 Figure 3 shows the contrast of G
and DOP with different target depths zd. One can
find that contrasts for both G and DOP decrease
as zd increases, but the characteristic feature of the
two curves are different. For zd less than 9 mm, the
contrast of G is higher than DOP.

From Fig. 3, we find that the contrast of
DOP decreases continuously as zd increases and
that of G acts differently, which can be under-
stood from the physics origin of them. DOP is
the ratio of differential polarization of the total

Fig. 3. Contrast of the simulation sample for DOP and G
with different zd.

intensity backscattered from the sample; and G
characterizes the anisotropic properties of the sam-
ple. According to Eq. (2), diffused photons are
suppressed by the differential polarization in the
numerator, but still included in the denominator.
As zd increases, the diffused photons gradually dom-
inate the denominator,8 and the ratio of the differ-
ential polarization of the total intensity decreases,
that is, DOP drops. From Fig. 3, when zd is about
2.8 mm, the contrast of DOP reduces to half of the
value at zd = 0. However, the contrast of G keeps
at high level (>0.8) even when zd is about 2.8 mm.
It can be explained from the origin of G.14 Even if
the medium 2 is buried in medium 1 (2.8 mm deep),
the entire sample is still anisotropic; and the order
of the fiber alignment can be detected by RLPI and
characterized by G. As zd increases, the sample loses
its anisotropic properties gradually, and the con-
trast of G drops to half of the value at zd = 0 until
zd is about 6mm. Based on the contrast curves of
G and DOP, although they act differently, we can
define the depth of G and DOP and study their
properties quantitatively.

To study the depth of RLPI and DOPI, we
define the penetration depths of G and DOP as z0.
The FWHM of the characteristic curves in Fig. 3
shows that z0 is 2.8 mm for DOP and 6.0 mm for G.
We find that z0 of DOP is about 8.4 times of mean
free path (mfp ≡ 1/µs) of medium 1, which is con-
sistent with the finding by previous researchers.9,10

Specially, z0 of G is beyond the orders (18 times)
of mfp and about 1.26 times of transport mean free
path (tmfp ≡ 1/[µs(1 − g)]) length of medium 1.

To investigate the influence of the scattering
properties of medium 1 on the penetration depths
of DOP and G, simulations with different scattering
coefficient µs and anisotropic factor g of medium 1
have been done and corresponding values of z0 have
been found and collected in Fig. 4.

For Fig. 4(a), g = 0.93 and µs increases from 20
to 60 cm−1. We find that z0 of DOP changes around
the average 8.4 mfp in (a) and the deviation from
the average value is within 3%. Similarly, z0 of G
changes around the average value 18 mfp, and the
maximal deviation is less than 3%. We can find that
both values of z0 of DOP and G are linear with µs,
and z0 of DOP is about half of that of G.

For Figs. 4(b) and 4(c), µs = 30 cm−1, and
g increases from 0.75 to 0.93. We find that z0 of
DOP normalized by mfp increases as g increases,
and then tends to a stable value when it is nor-
malized by tmfp. z0 of G stays almost constant for
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(a)

(b)

(c)

Fig. 4. z0 of DOP and G vs. µs and g. For (a) and (b), z0 is
normalized by mfp of medium 1 and for (c), z0 is normalized
by tmfp. For (a), g = 0.93; and for (b)–(c), µs = 30 cm−1.

small g and increases as g becomes higher than 0.8
[see Fig. 4(c)]. In highly forward scattering region
(g > 0.9), polarization is preserved for longer light
paths.9,16 However, z0 of G is less than 1.3 tmfp even
if g = 0.93. A close observation is made by fitting z0

of G in Fig. 4(c) and we find that it can be expressed
as a function of g : a exp[−b(1 − g)] + c, in which
a, b, and c are variables. Mathematical calculation
shows that all three variables are positive, and both
a and c are less than 1.0, which means z0 of G will
be less than 2 tmfp. Then it can be concluded that
z0 of G is on the order of tmfp of medium 1.

From Fig. 4, we find that when the target is
the optical anisotropic medium, z0 of DOP can be
normalized by tmfp. z0 of G approximately scales

with tmfp and although it slightly increases as g
increases, it is still on the order of tmfp. Moreover,
z0 of DOP is less than half of that of G.

4. Experiment and Discussion

According to Fig. 2, a piece of 5mm-thick
bovine skeletal muscle (as “medium 2”) is buried
in the aqueous suspension of microspheres (as
“medium 1”) with depth zd changing from 0 to
9 mm. The diameter of the microsphere in medium 1
is 1.5 µm, the refractive indices of the microsphere
and liquid are 1.59 and 1.33 respectively. This cor-
responds to anisotropic factor g = 0.93 and the
scattering coefficient of medium 1 is 30 cm−1. The
isotropic medium 1 is contained in a glass con-
tainer with an optical window towards the incident
light. The fiber orientation in the medium 2 is along
X-axis.

We calculate contrasts of DOP and G and
present the results in Fig. 5. We can find that the
contrast curves of DOP and G are similar to that
in Fig. 3, and z0 of DOP and G are respectively
0.60 tmfp and 1.28 tmfp of medium 1, which is con-
sistent with the results obtained by Monte Carlo
simulations.

Optical clearing increases the refractive index
of the ambient substance around the scattering
particles,6 such as cells or organelles or the nucleus
within a cell, and improves the refractive index
matching, which reduces the scattering coefficient
µs and increases the anisotropic factor g.17 From
the analysis in the above sections, we conclude that

Fig. 5. The contrast of the experimental sample for DOP
and G with different zd.
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the penetration depth z0 of DOP and G will increase
as the result of optical clearing. Penetration for the
G images is almost twice as deep as that for DOP.
The difference is even bigger with tissue clearing
since phase matching increases g. It will be helpful
to study optical clearing and polarization imaging,
when they are applied to tissues at the same time.
On the one hand, we can use the results in this
paper to study quantitatively how optical clearing
increases the penetration depth of RLPI and DOPI.
On the other hand, RLPI and DOPI provide good
tools to investigate the dynamics of optical clearing
processes.

5. Conclusions

In this paper, penetration depths of RLPI and
DOPI have been studied for the anisotropic media
containing both cylindrical and spherical scatter-
ers buried under an isotropic scattering medium.
Results of both Monte Carlo simulations on a
sphere-cylinder scattering model and experiments
of bovine skeletal muscle buried in the aqueous sus-
pension of polystyrene microspheres show that the
depth of DOPI scales with transport mean free path
length and that of RLPI approximately scales with
it. The penetration depth of RLPI also increases
slightly as the anisotropic factor g increases. Both
the depths of RLPI and DOPI are on the order of
transport mean free path length, and the former
is almost twice as large as the latter. When optical
clearing is applied, reduction of the scattering coeffi-
cient increases the penetration depths of both imag-
ing methods, and increase of the anisotropic factor
makes RLPI penetrate even deeper. Both methods
can be used to study the optical clearing processes
in tissues.
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