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The contrast mechanism of di®erent polarization imaging techniques for melanoma in mouse skin
is studied using both experiments and Monte Carlo simulations. Total intensity, linear polariz-
ation di®erence imaging (DPI), degree of polarization imaging (DOPI) and rotating linear
polarization imaging (RLPI) are applied and the relative contrasts of these polarization imaging
methods between the normal and cancerous tissues are compared. A two-layer absorption-scat-
tering model is proposed to explain the contrast mechanism of the polarization imaging for
melanoma. By taking into account of both scattering of symmetrical and asymmetrical scatterers
and absorption of inter-scatterer medium, the two-layer model reproduces the relative contrasts
for polarization images observed in experiments. The simulation results also show that, the
parameters of polarization imaging change more dramatically with the variation of absorption in
the bottom layer than the top layer.

Keywords: Polarization imaging; melanoma; two-layer model; Monte Carlo simulation.

1. Introduction

Optical properties of biological tissues are often
a®ected by their physiological and pathological
statuses.1–4 Thus the normal and diseased tissues
can be distinguished by measuring the changes of

physical parameters in the interaction between light

and biological tissues.5,6 However, as most of the

biological tissues are highly turbid in the visible and

near-infrared region, multiple scattering of photons

will degrade the contrasts of optical images.7 The
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polarization imaging methods can suppress contri-
butions from multiple scattered photons, thus
improve the imaging quality for super¯cial tissues.7,8

The polarization imaging methods mainly obtain
the information from the super¯cial layer of tissues,
where epithelial lesions start to develop.9 The rich
information of di®erent polarization imaging
methods o®ers them good potential in clinical
diagnosis of early lesions.7–12 For example, Ander-
son10 developed the di®erence polarization imaging
method (DPI), in which the di®erence of two images
with perpendicular polarization states is calculated.
Jacques et al.7 proposed the degree of polarization
imaging method (DOPI), in which the di®erence of
polarization is normalized. Both DPI and DOPI
methods have been applied in demarcating the
margins of cancerous tissues.7–10 Recently, we have
developed rotating linear polarization imaging
(RLPI) and applied it to cancerous liver tissues.11,12

The RLPI method provides a new set of parameters
for quantitative characterization of the optical and
structural properties for biological tissues and a new
tool for clinical biomedical diagnosis.11–13

Skin cancer often occurs in super¯cial epithelial
tissue, therefore is suitable for polarization imaging
methods such as DPI and DOPI.8,10 Melanoma is
one of the most common skin cancers. The strong
absorption of melanin in melanoma has signi¯cant
impact on imaging. To analyze the imaging data of
tissues with strong absorption, two-layer skin scat-
tering models have been proposed.14–18 Zonios
et al.15,16 presented a nonpolarized isotropic skin
model and studied the in°uence of absorption in the
top and bottom layers on the measured re°ectivity.
Morgan et al.17,18 analyzed the spatial distributions
of the scattered polarized light using a two-layer
isotropic skin model with absorption. In our pre-
vious works for studying the penetration depth of
polarization imaging, we have developed an aniso-
tropic skin scattering model with isotropic top layer
and anisotropic bottom layer.13 This model did not
include absorption.

In this paper, we study the melanoma using the
RLPI method, and compare the imaging contrasts
with those of DPI and DOPI methods. We also
propose an absorption-scattering model with an
isotropic top layer and an anisotropic bottom layer
based on our previous works. Monte Carlo (MC)
simulations based on this model are carried on to
study the in°uence of scattering and absorption on
the contrast of the polarization imaging.

2. Material and Method

2.1. Experimental setup and materials

The RLPI system used in this paper is same as our
previous work.12 The schematic of experimental
setup is shown in Fig. 1. Light from a 1 W LED (650
nm) is collimated by a lens (L1, focal length 50mm,
Daheng Optics, China), polarized by a linear
polarizer (P1, extinction ratio 500:1) and irradiates
obliquely on the sample. The backscattered light
from the sample passes through another polarizer
(P2, extinction ratio 500:1). Then the scattered
photons are collected by another lens (L2, focal
length 50mm, Daheng Optics, China) and recorded
by a CCD camera (Q-imaging RETIGA EXi). To
avoid surface glare, a glass plate is placed in close
contact to the sample. During RLPI imaging, both
the incident polarization angle (�i) and detection
polarization angle (�s) are varied by rotating
polarizers P1 and P2.

The samples in this study are from male nude
mice (Guangdong Medical Animal Experimental
Center, Guangzhou, China). Tumor samples on the
abdominal skin of nude mice are obtained by
injection of human melanoma (B16) cells, which is a
commonly used skin carcinoma model for animals.
In the experiments, the carcinoma areas on the skin
tissues are determined by histological examinations.

2.2. Polarization imaging methods

In RLPI measurements, we record a series of
intensity images corresponding to di®erent incident
and detection polarization states, I (�i, �s) and I

Fig. 1. Schematic of the RLPI system, P: polarizer, L: lens. P1
and P2 can be rotated around their optical axes to vary the
polarization angles for both incidence (�i) and detection (�s).
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(�i, �s þ �=2), and then calculate the linear di®er-
ential polarization (LDP, Eq. (1)) at each pixel:

LDP ð�i; �sÞ ¼ Ið�i; �sÞ � Ið�i; �s þ �=2Þ: ð1Þ
The LDP images can be ¯tted to an analytical

expression (Eq. (2))11:

LDP ð�i; �sÞ ¼
1

2
Ii

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A cosð4�i � ’1Þ

p

þB cos½2�i � ’2ð�sÞ�

þ 1

2
IiC cosð2�s � ’3Þ: ð2Þ

From Eq. (2), we can obtain a set of new par-
ameters A, B, C, ’1 and ’3. These parameters are
independent of incident polarization angle (�i) and
detection polarization angle (�s). More importantly,
these parameters are related to di®erent structural
or optical properties of the sample, such as density,
shape and size of the scatterers, as well as the
direction and alignment of the ¯bers.11–13 The RLPI
parameters can be expressed as functions of Mueller
matrix elements. We also de¯ned G ¼ A=B and
proved it can quantitatively characterize the ani-
sotropic properties of the sample.11

Moreover, we realize DPI and DOPI in the same
RLPI measurement. Di®erence of polarization (DP)
and degree of polarization (DOP) are obtained
corresponding to speci¯c incident and detection
polarization angles, �s ¼ �i and �s ¼ �i þ �=2 shown
as Eqs. (3) and (4).

DP ¼ Ijj � I? ¼ Ið�i; �iÞ � Ið�i; �i þ �=2Þ; ð3Þ

DOP ¼ Ijj � I?
Ijj þ I?

¼ Ið�i; �iÞ � Ið�i; �i þ �=2Þ
Ið�i; �iÞ þ Ið�i; �i þ �=2Þ : ð4Þ

2.3. MC simulation

For a better understanding of the experimental
results, we use a MC program to simulate the
propagation and scattering of polarized photon in
the tissue samples. The MC simulation program is
based on a sphere-cylinder scattering model
(SCSM),19 which contains spheres and in¯nitely
long cylinders to mimic the isotropic and aniso-
tropic scatterers in tissues.

The detailed process of MC simulations can be
found in our previous paper.20 For comparisons
between the simulated and experimental results,

parameters of the simulations are set according to
published tissue data. The refractive indices of the
scatterers and surrounding medium are 1.4 and
1.33, respectively.21 The diameters and scattering
coe±cients of the spherical and cylindrical scat-
terers are set according to Refs. 21–25. For the
study of polarization imaging of melanoma samples,
absorption is added in the MC simulations as a
variable of the surrounding medium.

3. Results and Discussion

3.1. Polarization imaging of melanoma

The experimental system in Fig. 1 can take RLPI,
DPI, DOPI and ordinary intensity imaging in the
same measurement. We use this system on two
melanoma samples, the results are shown in Figs. 2
and 3, respectively.

Figures 2(a) to 2(h) show the experimental
results of intensity, DP, DOP and the ¯ve RLPI
parameters (G, A, B, C, ’3/2) for melanoma
sample 1. The area marked with a yellow circle in
Fig. 2 is the cancerous tissue. We can conclude from
Figs. 2(d) to 2(h) that among the ¯ve RLPI par-
ameters,A andG provide the best contrasts between
the normal and the cancerous tissues. Besides, com-
pared with parameter A, parameter G shows more
¯brous texture, corresponding to structural infor-
mation of the sample.

To compare the contrasts of the four imaging
parameters: intensity in Fig. 2(a), DP for DPI in
Fig. 2(b), DOP for DOPI in Fig. 2(c) and G for
RLPI in Fig. 2(d), we use two squares to mark the
normal and cancerous tissues, respectively, then
calculate the contrast of each parameter based on
the mean values within the two squares, as shown in
the inserts at the bottom left corner of each picture.
It can be observed from Figs. 2(a) to 2(d) that, the
contrast for intensity imaging is 0.26; DPI and
DOPI result in lower contrasts (0.06 and 0.21),
which are possibly due to the absorption of the
sample. For the same reason, the RLPI parameterG
has lower contrast (0.19) than that of DOPI but
provides more structural information of the sample
compared with DPI and DOPI methods.

Figures 3(a) to 3(h) show the experimental
results of intensity, DPI, DOPI and the ¯ve RLPI
parameters (G, A, B, C, ’3/2) for melanoma
sample 2. We can observe from Fig. 3(a) that, the
melanoma in sample 2 cannot be distinguished

In°uence of absorption in linear polarization imaging of melanoma tissues
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clearly from intensity image, which is di®erent from
sample 1. However, it can be concluded from
Figs. 3(b) to 3(d) that the polarization imaging
parameters can be used to detect the cancerous
tissues. Especially, we can obtain more detailed
information from the RLPI parameter G image
(Fig. 3(d)). The di®erence between sample 1 and
sample 2 may due to the depth of the cancerous

tissues. Thus we can say that the RLPI method
can demarcate cancer margins better than DPI and
DOPI, when the cancerous area lies in a certain
depth below the epidermis.

As shown in Figs. 2 and 3, various factors such
as scattering, absorption and location depth may
a®ect the imaging results. In order to analyze the
e®ects of these factors separately, we establish a

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 3. Experimental results of sample 2: (a) intensity, (b) DP, (c) DOP, (d) G, (e) A, (f) B, (g) ’3/2 and (h) G, for a nude mouse's
melanoma with carcinoma B16. The carcinoma areas are marked by yellow circle frames. Contrast between the healthy (marked as
green squares) and cancerous skin tissues (marked as red squares) for intensity, DP, DOP and G are: 0.14, 0.08, 0.05 and 0.28.

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 2. Experimental results of sample 1: (a) intensity, (b) DP, (c) DOP, (d) G, (e) A, (f) B, (g) C and (h) ’3=2, for a nude mouse's
melanoma with carcinoma B16. The carcinoma areas are marked by yellow circles. Contrast between the healthy (marked as green
squares) and cancerous skin tissues (marked as red squares) for intensity, DP, DOP and G are: 0.26, 0.06, 0.21 and 0.19.
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model for skin and compare the experimental
results with Monte Carlo simulation based on this
model.

3.2. Model and simulation results

3.2.1. Simulation model for cancerous skin
tissues

Based on the pathological characteristics of mela-
noma26 and our previous work,13 we propose a two-
layer model for the cancerous skin tissues as shown
in Fig. 4. The skin model has a top isotropic layer
(simulated by spherical scatterers) and a bottom
anisotropic layer (simulated by spherical and
cylindrical scatterers). Both layers may include
absorption e®ect. For the anisotropic lesion with
absorption, two major factors are considered: the

absorption coe±cient corresponding to the melanin
proliferation, and the scattering coe±cient, which
should be strongly correlated to cell proliferation.

3.2.2. The e®ect of absorption coe±cient on

polarization imaging for melanoma

First, we study the e®ect of absorption coe±cient on
the polarization imaging. To simulate the exper-
imental samples, the parameters in MC simulations
are set accordingly: The top isotropic layer with
thickness of 20�m consists of spherical scatterers
with diameter of 0.46�m and refractive index of
1.4.22,23 The bottom layer with in¯nite thickness
consists of the same spherical scatterers and the
cylindrical scatterers with diameter of 1�m and
refractive index of 1.4.24 The mouse and human
skins are of similar structures and properties.25 The
average absorption coe±cients of the normal skin
tissues are 35 cm�1 for epidermis (top layer) and
2.7 cm�1 for dermis (bottom layer) as reported in
Ref. 23. To simulate the cancer-induced melanin
proliferation, during the simulation we change the
absorption coe±cients from 35 cm�1 for top layer
and 2.7 cm�1 for bottom layers to 900 cm�1 and
250 cm�1, respectively.21 Polarization imaging par-
ameters of intensity, DP, DOP and RLPI parameter
G are calculated and the relative contrasts between
the cancerous and the normal tissue are obtained, as
shown in Fig. 5.

Fig. 4. Schematic diagram of two-layer model for cancerous
skin tissues. The top layer is isotropic, the bottom layer is
anisotropic and both layers may include absorption e®ect.

(a) (b)

Fig. 5. Simulated relative contrasts of four imaging parameters: intensity, DP, DOP, RLPI parameter G at di®erent absorption
coe±cients for a two-layer structure with top isotropic layer and bottom anisotropic layer. (a) The absorption coe±cient varies from
35 to 900 cm�1 in top layer, (b) The absorption coe±cient varies from 2.7 to 250 cm�1 in bottom layer.
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We can conclude from Figs. 5(a) and 5(b) that
the relative contrasts of all the four parameters
rise with the increase of absorption coe±cient
for the top and the bottom layer. Furthermore,
the orders of the four contrasts in Figs. 5(a) and
5(b) match with the experimental results shown
in Fig. 2 (intensity>DOP>G>DP) and Fig. 3
(G>intensity>DP>DOP), respectively. In ad-
dition, it can be observed from Figs. 5(a) and 5(b)
that, the four parameters change more dramatically
with the increase of absorption in the bottom layer
than the top layer. This is because that the multiple
scattered photons act di®erently on the thin top
layer and the in¯nite bottom layer when absorption
exists.

3.2.3. The depth e®ect of the bottom

absorption layer

As mentioned in Sec. 3.2.2, the absorption of the
bottom layer a®ects the polarization imaging more
dramatically than that of the top layer. Further-
more, nodular malignant melanoma has no invasion
to the epidermis (top layer), whose thickness varies
in di®erent areas of human body. So we further
study the e®ect of depth for the bottom absorption
layer on the polarization imaging.

We study the depth e®ect of the bottom
absorption layer on the polarization imaging of
melanoma. The parameters in MC simulations are

the same as Sec. 3.2.2. The depth of the bottom
absorption layer varies from 0 to 350�m and the
absorption coe±cient is 20 cm�1. For calculating
the contrast, we use the condition when the bottom
layer has in¯nite depth as the reference value, the
results are shown in Fig. 6. We can see from Fig. 6
that, as bottom absorption layer moves deeper,
the absorption e®ect reduces and the anisotropy
decreases. It also can be concluded from Fig. 6 that,
G is the most sensitive parameter to anisotropy,
which agrees well with the absorption-free results in
our previous works.13

3.2.4. The e®ect of scattering coe±cient on

the polarization imaging for melanoma

Furthermore, we study the e®ect of scattering coef-
¯cient on the relative contrasts of di®erent polariz-
ation imaging techniques. The parameters in MC
simulations are the same as in Sec. 3.2.2. The scat-
tering coe±cients are 450 cm�1 for epidermis (the top
layer) and 187.5 cm�1 for dermis (the bottom layer),
and changed to 1000 cm�1 for both layers to simulate
the cancer-induced cell proliferation.21,23 Polariz-
ation imaging parameters of intensity, DP, DOP and
RLPI parameter G are calculated and the contrasts
between the cancerous and the normal tissue are
obtained, as shown in Fig. 7.

It can be observed in Figs. 7(a) and 7(b) that the
relative contrasts of all the four parameters rise

Fig. 6. Monte Carlo simulated relative contrasts of four imaging parameters: intensity, DP, DOP, RLPI parameter G, at di®erent
depths of the bottom absorption layer for a two-layer structure with top isotropic layer and bottom anisotropic layer. The
absorption coe±cient of the bottom layer is 20 cm�1. The depth of the bottom layer varies from 0 to 350�m.
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with the increase of scattering coe±cient for the top
and the bottom layer, respectively. However, the
orders of the four contrasts in Figs. 7(a) and 7(b)
are di®erent. The sequence of four contrasts in
descending order is G, DOP, intensity, DP when the
scattering coe±cient of the top layer changes (Fig. 7
(a)).The sequence is intensity,DP,DOP,Gwhen the
scattering coe±cient of the bottom layer changes
(Fig. 7(b)). Moreover, these sequences are di®erent
from the experimental results shown in Fig. 2
(intensity,DOP,G,DP) andFig. 3 (G, intensity,DP,
DOP). During the simulation, we also adjust the
structural parameters including sizes (diameters of
the spherical and cylindrical scatterers) and scatter-
ing coe±cients. We ¯nd that the two-layer model
with only scattering cannot generate results match-
ing the experiments of melanoma.

In short, comparing the simulation results in
Figs. 5 and 7 with experimental results in Figs. 2
and 3, we can conclude that the scattering model
with absorption e®ect is suitable for the study of
polarization imaging of melanoma.

4. Conclusion

In this paper, we apply the RLPI method to the
study of melanoma and compare the RLPI par-
ameters with DPI and DOPI methods. Relative
contrasts of these polarization imaging methods are
measured experimentally. For better understanding

of the contrast mechanism in the polarization ima-
ging of melanoma, we develop the Monte Carlo
simulations based on a two-layer absorption-scat-
tering model with an isotropic layer at the top and
an anisotropic layer at the bottom. By comparing
the simulation results with the experimental results,
we ¯nd that the two-layer model can reproduce the
relative contrast for polarization images observed in
experiments. The simulation results also show that,
the parameters of polarization imaging change more
dramatically with the variation of absorption in the
bottom layer than the top layer. Furthermore, we
also have some discussions on the impact of the
depth of absorption layer on polarization imaging.
The absorption-scattering model for skins provides
a useful tool to analyze the contrast mechanism of
polarization imaging of melanoma.
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