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We apply di®erent polarization imaging techniques for cancerous liver tissues, and compare the
relative contrasts for di®erence polarization imaging (DPI), degree of polarization imaging
(DOPI) and rotating linear polarization imaging (RLPI). Experimental results show that a
number of polarization imaging parameters are capable of di®erentiating cancerous cells in iso-
tropic liver tissues. To analyze the contrast mechanism of the cancer-sensitive polarization
imaging parameters, we propose a scattering model containing two types of spherical scatterers
and carry on Monte Carlo simulations based on this bi-component model. Both the experimental
and Monte Carlo simulated results show that the RLPI technique can provide a good imaging
contrast of cancerous tissues. The bi-component scattering model provides a useful tool to ana-
lyze the contrast mechanism of polarization imaging of cancerous tissues.
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1. Introduction

The rate of cancer incidence is currently increasing
year by year, and has become a major threat to
human health. For both the diagnosis and treatment

of cancer, the detection of early-stage cancerous

tissues is very essential.1 Optical techniques have

been widely used in biomedical applications for their

characteristics of nondestructive, noncontact and
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suitable resolution.2,3 Meanwhile, the optical prop-
erties of pre-cancerous cells are often a®ected by the
physiological and pathological changes of micro-
structures.1,4,5 Thus, the healthy and cancerous tis-
sues can be distinguished by measuring the
variations of polarization parameters, which re°ect
the interactions between polarized photons and
microstructures.6�8 However, most biological tissues
are highly turbid in the visible and near-infrared
regions. The \di®usive" photons undergo a large
number of scatterings during the imaging process,
which reduce the optical contrast, and degrade the
result of structural measurements.9 Polarization
techniques can reduce the impact of the multiple
scattered photons to the images, and improve the
optical contrast of the super¯cial tissue imaging.
Since more than 85% of early-stage cancerous
changes originate in epidermal tissues, polarization
optical methods are of promising prospects for early
detection of cancers.10,11

In the past decade, several polarization imaging
techniques have been developed for biomedical
purposes,12 particularly for the clinical diagnosis of
cancer.9�11,13�15 For instance, Anderson et al.
reduced the impact of the multiple scattered and
surface re°ected photons by calculating the di®er-
ence of two images with perpendicular polarization
states [di®erence polarization imaging (DPI)], and
applied it in the diagnosis of skin cancer.13 Jacques
et al. proposed the degree of polarization imaging
method (DOPI), which is the normalized DPI.9

They also demonstrated the potential of DOPI in
demarcating the margins of cancerous tissues.10,11

Recently, some polarimetric methods based on
Mueller matrix also have shown the capability for
discriminating the normal and carcinoma areas of
human tissues.14�16 For example, Mueller matrix
decomposition has been used e®ectively to retrieve
retardance and depolarization of biological tissues
as indicators of cancer detection.17�23

In our previous works, we have developed a
rotating linear polarization imaging technique
(RLPI). It allows us to get a group of new parameters
to characterize the microstructural and optical
properties of the complicated biological sam-
ples.24�27 In this paper, we compare imaging con-
trasts of the cancerous liver tissues using di®erent
polarization imaging methods: RLPI, DPI, and
DOPI. For a better understanding of the polarization
imaging contrast mechanism, we propose a new
scattering model for the cancerous liver tissues and

carry on a Monte Carlo (MC) simulation. The good
agreement between the experiments and MC simu-
lations shows that, a scattering model containing two
types of spherical scatterers can explain the contrast
relation among the di®erent polarization imaging
parameters for the isotropic cancerous liver tissues.

2. Material and Method

2.1. Experimental setup and materials

The schematic of the RLPI system used in this paper
is shown in Fig. 1. The light source is a 1W LEDwith
650 nm wavelength. Light from the LED is colli-
mated by a lens L1, and passes through a linear
polarizer P1, (Daheng Optics, extinction ratio
500:1). The incident light illuminates the sample at
about 25� to the surface normal direction.9,28 The
scattered light from the sample passes through
another polarizer P2, (Daheng Optics, extinction
ratio 500:1) and a lens L2, and is recorded by a CCD
camera (Q-imaging RETIGA EXi). During the
measurements, a glass plate is placed in close contact
to the sample to avoid surface glare. For RLPI ima-
ging, both P1 and P2 are rotated around the optical
axis to vary the polarization angles for both illumi-
nation (�i) and detection (�s). In this study, the
samples are from male nude mice (Experimental
Animal Centre of Sun Yat-sen University of Medical
Sciences, Guangzhou, China). Tumor samples on the
nude mice's livers are obtained by intraperitoneal
injection of human colon carcinoma (HCT116) and

Fig. 1. Schematic of the RLPI system, P: polarizer, L: lens.
Both P1 and P2 can be rotated around their optical axes to
vary the polarization angles for both illumination (�i) and
detection (�s).
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nasopharyngeal carcinoma (CNE-1) cells. Both the
HCT116 and CNE-1 are commonly used carcinoma
models for animals. In the experiments, the carci-
noma areas of liver tissues are determined by histo-
logical examinations.

2.2. Parameters of RLPI, DPI

and DOPI

2.2.1. Di®erence polarization imaging and
Degree of polarization imaging

DPI technique has been applied to the diagnosis of
skin lesions including cancer.13 In DPI measure-
ments, samples are illuminated by linearly polarized
light, then parallel and perpendicular polarization
components of the backscattered light are recorded.
The di®erence of polarization (DP) is de¯ned as
Eq. (1), where �i represents the angle of linear
polarization.

DP ¼ Ijj � I? ¼ Ið�i; �iÞ � Ið�i; �i þ �=2Þ: ð1Þ

DOPI has also been applied for cancer detec-
tions.9�11 The imaging parameter is degree of
polarization (DOP, de¯ned as Eq. (2)), which is the
DP normalized by the total light intensity to reduce
the in°uence of the illumination light distribution.

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 : ð2Þ

2.2.2. Rotating linear polarization imaging

As discussed above, DP and DOP are suitable for
the diagnosis of skin cancers. However, we found
that when measuring anisotropic biological tissues
with linear polarization light, the DP and DOP
parameters are closely related to both the incident
polarization angle (�i in Fig. 1) and the orien-
tation of the sample (� in Fig. 1). For the RLPI
technique, the parameters are not orientation-
related.24 In RLPI measurements, the CCD cam-
era records a series of images corresponding to
di®erent combinations of illumination and detec-
tion polarization angles (�i and �s in Fig. 1). Then
the linear di®erence polarizations are calculated as
Eq. (3):

DPð�i; �sÞ ¼ Ið�i; �sÞ � Ið�i; �s þ �=2Þ: ð3Þ

The DP images can be ¯tted to an analytical
expression which de¯nes a new set of parameters:

DPð�i; �sÞ ¼
1

2
Ii

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A cosð4�s � �1Þ þB

p

� cos½2�i � �2ð�sÞ�

þ 1

2
IiC cosð2�s � �3Þ ð4Þ

A ¼ ½B2 � ðm22m33�m23m32Þ2�1=2
B ¼ ðm222 þm233 þm322 þm332Þ=2
C ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðm212 þm312Þp

tan’3 ¼ m31=m21:

ð5Þ

In Eqs. (4) and (5) the ¯tting parameters A, B, C
and ’3=2 are independent of the polarization angles
of the incident (�i) and scattered (�s) lights. These
parameters are related to the structural and optical
properties of the sample, such as anisotropy, sizes of
the scatterers and alignment of the ¯bers.24,27 The
RLPI parameters can be expressed as functions of
Mueller matrix elements. We also de¯ne G ¼ A=B
and prove it correlates to the anisotropy of a
sample.24

2.3. Monte Carlo simulation

For theoretical comparison, we employed a MC
simulation program to simulate the propagation
and scattering of polarized photon in biological
tissues. The MC program is based on a sphere-
cylinder scattering model (SCSM) proposed in our
previous work.29�32 In SCSM, we apply spherical
and cylindrical scatterers to simulate the isotropic
and anisotropic structures, which include nuclei
and organelles of cells, collagen ¯bers and muscle
¯bers. Specially, for some isotropic samples, the
cylindrical scatterers can be ignored. Spherical
scatterers with di®erent sizes are used to mimic
the nuclei and organelles.

In the MC programs, by analytically solving the
scalar wave equation, the Mueller matrices of the
scatterers are pre-calculated.33 Then the MC pro-
gram launches a normal incident photon with a
Stokes vector to represent its polarization state.
The photon moves a distance, which is decided by
both the scattering and absorption coe±cients. At
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each scattering event, a statistical choice is made to
decide what type of scatterer the photon hits by
considering the probability of scattering for di®er-
ent scatterers. After that, the reference frame of the
Stokes vector is rotated by the program, and the
phase function is computed by using the pre-calcu-
lated scattering matrices. Moreover, the program
determines the scattering direction of the photon
according to the phase function and a random
number. The MC program continues the simulation
until either a photon is completely absorbed or
moves out of the boundary of the scattering med-
ium. The next photon is then launched. The pho-
tons' information, including polarization states, is
recorded by the program.

In this paper, the parameters of MC simulations
are set to be the same as the experimental tissue
samples. The refractive indices of the scatterers
and surrounding medium are 1.4 and 1.33, re-
spectively.34 For the simulations of di®erent bio-
logical tissues, the diameters of the scatterers, and
the scattering coe±cients can be set accordingly.
Using the scattering models and related MC pro-
grams, we can analyze the mechanisms of di®erent
polarization imaging techniques for biomedical
diagnosis.

3. Results and Discussions

3.1. Polarization imaging for

cancerous liver tissues

DP and DOP have been used for cancer detec-
tion.9�11 Of particular interest is Human colon car-
cinoma, as it is one of the most common types of
liver metastatic cancer.35 We apply RLPI technique
to cancerous liver samples, and obtain the DP and
DOP parameters from the same measurement.
Figure 2 shows the experimental results of the ¯ve
RLPI parameters (G, A, B, C, ’3=2), intensity, DP
and DOP for a nude mouse's liver, with metastasis
of human colon carcinoma (HCT116). In Fig. 2, the
carcinoma areas are marked by yellow circle frames,
while the other parts are normal liver tissues. The
experiments show that polarization imaging can
discriminate healthy and cancerous liver tissues.
Among the polarization parameters, RLPI par-
ameter B [see Fig. 2(d)] has a higher contrast for
distinguishing normal and cancerous tissues of liver
samples. Our previous studies have shown that
parameters A and G are closely related to anisotropy

structures.24 G is close to unity for tissues containing
well-aligned ¯bers, but close to zero for isotropic
tissues. In Fig. 2, both A and G are very small in-
dicating that the cancerous liver tissues are highly
isotropic.

Besides the sample with metastasis of human
colon carcinoma, we also conducted polarization
measurements on other types of liver cancers.
Figure 3 shows the experimental results for a nude
mouse's liver with metastasis of nasopharyngeal
carcinoma (CNE-1), and the carcinoma areas are
marked by yellow circle frames. The results show
that B is very sensitive to the existence of cancerous
cells. A and G are also close to zero con¯rming that
the liver tissues are highly isotropic. We select two
areas from healthy (marked as green squares) and
cancerous liver tissue (marked as red squares), and
calculate the imaging contrasts for intensity, DP,

(a) (b) (c)

(d) (e) (f)

(g) (h)

Fig. 2. Experimental results: (a) intensity, (b) DP, (c) DOP,
(d) RLPI(B), (e) RLPI(A), (f) RLPI(C), (g) RLPI(’3=2) and
(h) RLPI(G) for a nude mouse's liver tissue with human colon
carcinoma HCT116. The carcinoma areas are marked by yellow
circle frames.
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DOP and RLPI parameter B. As shown in Fig. 3,
the contrast of di®erent parameters are: 0.21 for
intensity, 0.17 for DP, 0.03 for DOP and 0.34 for B.
The B parameter [see Fig. 3(d)] gives the highest
contrast among all the parameters. In Fig. 3(d), the
margin between the healthy and cancerous areas is
also clearer compared to other three parameters.

3.2. Scattering model and MC

simulation for cancerous
liver tissues

In order to analyze the contract mechanism of
polarization measurements, we use scattering models
and MC simulations to reproduce the experimental
results. Since both the healthy and carcinoma liver
tissues are highly isotropic, we ¯rstly use a model
containing single type of spherical scatterer to
simulate the experimental results shown in Fig. 3.
The simulated imaging contrasts of intensity, DP,
DOP andRLPI parameter B are shown in Fig. 4. The
parameters in MC simulations are set according to
the liver tissues: the diameter and refractive index of
spherical scatterer are 7�m (representing the cell
nuclei) and 1.4, respectively. The scattering coe±-
cient varies from 70 cm�1 to 270 cm�1 to simulate the
cancer-induced cell proliferation.36 It can be observed
in Fig. 4 that as the concentration for spherical
scatterers increases, the relative contrasts of all the

four parameters become larger. However, the relation
of the four contrasts in descending order is: intensity,
B, DOP and DP, which is di®erent from the exper-
imental results shown in Fig. 3. During the MC
simulation process, the structural parameters in-
cluding sizes and scattering coe±cients are adjusted,
and we ¯nd that the single-component scatter-
ing model cannot generate results matching the
experiments.

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

(f) (g) (h)

Fig. 3. Experimental results: (a) intensity, (b) DP, (c) DOP, (d) RLPI(B), (e) RLPI(A), (f) RLPI(C), (g) RLPI(’3=2) and
(h) RLPI(G), for a nude mouse's liver with metastasis of nasopharyngeal carcinoma CNE-1. The carcinoma areas are marked by
yellow circle frames. Contrast between the healthy (marked as green squares) and cancerous liver tissue (marked as red squares) for
intensity, DP, DOP and B are: 0.21, 0.17, 0.03 and 0.34.

Fig. 4. Monte Carlo simulated relative contrasts of four ima-
ging parameters: intensity, DP, DOP, RLPI parameter B, at
di®erent scattering coe±cients for a monodisperse sphere
scattering model. The diameter and refractive index of spherical
scatterer are 7�m and 1.4, respectively. The scattering coe±-
cient varies from 70 cm�1 to 270 cm�1 to simulate the cancer-
induced cell proliferation.

Polarization Imaging and Scattering Model of Cancerous Liver Tissues
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Pathological studies on liver tissues have shown
that the main scattering structures are cell nuclei
(average diameter about 7�m) and mitochondria
(average diameter about 0.7�m) with concen-
tration ratio of approximately 1:1000.37,38 There-
fore, we use a bi-component scattering model to
approximate the scattering properties of the can-
cerous tissues. The bi-component model contains
two types of spheres with 7 and 0.7�m diameters,
representing the nuclei and mitochondria, respect-
ively. Considering that the cancerization process
often leads to many structural damages including
excessive cell proliferation and crowed organelles,
we increase the concentration of both the com-
ponents to simulate the in°uence of cancer. Figure 5
shows the MC simulated results of the relative
contrasts for intensity, DP, DOP and RLPI par-
ameter B at di®erent bi-component concentrations.
In the simulation, the total scattering coe±cient is
increased from 70 to 220 cm�1, and the ratio of
scattering coe±cients between large and small
spheres is set to be 3:1 according to the concen-
tration ratio for nuclei and mitochondria. As shown
in Fig. 5, the contrasts for the four di®erent imaging
parameters satisfy the relation: RLPI parameter
B > intensity > DP > DOP, which agrees with the
experimental results shown in Fig. 3. The bi-com-
ponent model is capable for the explanation of
polarization imaging experiments. Moreover, both
the experimental and simulated results indicate
that the RLPI parameter B is a potential indicator

for the cancers in isotropic tissues. It should be
pointed out that for cancerous liver tissues the bi-
component system is a simpli¯ed model. However,
the real biological tissues are complex, their struc-
tural parameters are more elaborate. Therefore, for
a better ¯t between the experiments and MC
simulations, a multi-component model may be more
suitable for future quantitative studies.

4. Conclusion

In summary, in this paper we applied RLPI, DPI
and DOPI to cancerous liver tissues, and compared
relative contrasts among these techniques. The
experimental results show that both the healthy
and cancerous liver tissues are highly isotropic, and
the RLPI parameter B provides a good imaging
contrast of cancerous liver tissues. For a better
understanding of the contrast mechanism for the
polarization imaging of cancerous liver tissues, we
proposed a bi-component scattering model and
carried on MC simulations. The scattering model
consists of two types of spherical scatterers to
simulate the nuclei and mitochondria, respectively.
A good agreement was obtained between the ex-
perimental and simulated relative contrasts for the
four polarization imaging parameters. It is also
shown that polarization imaging techniques are
potentially powerful tools for detection of cancerous
tissues.
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