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Abstract. Polarization measurements allow one to enhance the imaging contrast of superficial tissues and
obtain new polarization sensitive parameters for better descriptions of the micro- and macro- structural and opti-
cal properties of complex tissues. Since the majority of cancers originate in the epithelial layer, probing the mor-
phological and pathological changes in the superficial tissues using an expended parameter set with improved
contrast will assist in early clinical detection of cancers. We carry out Mueller matrix imaging on different cancer-
ous tissues to look for cancer specific features. Using proper scattering models and Monte Carlo simulations, we
examine the relationship between the microstructures of the samples, which are represented by the parameters
of the scattering model and the characteristic features of the Mueller matrix. This study gives new clues on the
contrast mechanisms of polarization sensitive measurements for different cancers and may provide new diag-
nostic techniques for clinical applications. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.19.7

.076013]
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1 Introduction

In recent years, various polarization techniques have been devel-
oped and tested for different clinical applications, especially for
cancer detections.'™ It has been demonstrated that the simple lin-
ear degree of polarization (LDOP) imaging can mark the margins
of cancerous tissues in both ex vivo and in vivo conditions.*®
Since the LDOP imaging of anisotropic tissues can be sensitive
to the orientation of the samples,” a rotating linear polarization
imaging (RLPI) method has been developed to provide a set
of orientation insensitive parameters, which can be used to differ-
entiate different microstructural features in cancerous tissues.>™!!
Mueller matrix imaging methods were also tested in various clini-
cal applications.'>'* However, although it comprehensively
describes how the polarization states are transformed from the
incident into the scattered light, a Mueller matrix reveals limited
explicit information on the structural or optical properties of the
medium. To address this problem, different Mueller matrix
decomposition techniques have been proposed, which derive a
set of polarization parameters with specific physical meanings,
such as the diattenuation D, retardance R, and depolarization
power A obtained by the Mueller matrix polar decomposition
(MMPD).">! Inspired by RLPI, a Mueller matrix transformation
(MMT) technique was also proposed to derive new polarization
parameters, which are functions of the Mueller matrix elements
but are explicitly correlated to specific microstructures or the opti-
cal properties of the medium, such as the densities and sizes of
subwavelength scatterers or the orientation and alignment of the
fibers.'® These different polarization techniques rely on different
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contrast mechanisms and have their own advantages and
disadvantages.

In this paper, we compare three different polarization imag-
ing methods: LDOP, MMPD, and MMT using two cancerous
tissues of different microstructures, such as human basal cell
carcinoma (BCC) and papillary thyroid carcinoma. Then,
using Monte Carlo simulations based on a sphere-cylinder bire-
fringence scattering model (SCBM)'~* that approximates the
anisotropic biological tissues to a mixture of spherical and cylin-
drical scatterers imbedded in a birefringent ambient medium, we
examine the relationship between the polarization imaging
parameters and the morphological and pathological features
in the cancerous tissues. The simulations and experiments pro-
vide new clues on the contrast mechanisms of various polariza-
tion imaging techniques for cancerous tissues.

2 Method and Materials

2.1 Sample and Experimental Setup

Figure 1 shows the typical experimental setup for the backscat-
tering Mueller matrix measurements.? The light source is a3 W
LED with a center wavelength of 650 nm. The light beam passes
through a linear polarizer (P1) and a quarter-wave plate (QW1)
to generate six different polarization states: horizontal linear
(H), vertical linear (V), 45-degree linear (P), 135-degree linear
(M), right circular (R), and left circular (L). The incident beam
illuminates the sample at about 20 deg to the normal to reduce
surface reflection. The backscattered light from the sample
passes through the analyzer, which consists of a quarter-wave
plate (QW2) and a polarizer (P2), and is collected by an
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Fig. 1 Schematic of experimental setup for the backscattering
Mueller matrix measurement. L, lens; P, polarizer; QW, quarter-
wave plate. The LED light source illuminates the sample at about
20 deg to the normal to eliminate the surface reflection. The diameter
of the illumination area is about 2 cm.

8-bit charge coupled device camera. For each incident state, six
polarization components (H, V, P, M, R, and L) are measured.
Then, the backscattering Mueller matrix can be calculated from
the 36 images.” During the experiments, we defined a reference
coordinate system whose horizontal direction (H) is parallel to
the plane defined by the source-sample-camera triangle. Before
being applied to tissue samples, the experimental setup was first
calibrated by measuring the backscattering Mueller matrix of
standard samples such as microsphere solutions. The results
demonstrate that the errors for all the measured Mueller matrix
elements are less than 3%.

Once the Mueller matrices are obtained, polarization proper-
ties of the samples can be represented by different parameters,
all of which are expressed as functions of the Mueller matrix
elements. In this paper, we use polarization parameters from
three different techniques: LDOP, MMPD, and MMT. For
LDOP, it can be calculated as in Eq. D?

Lo = Ipee  HH—HV ~ m21 + m22

LDOP = = = :
Iy + Ipe HH+HV  mll +ml2

6]

where I, and I, represent the polarization components with
the analyzer parallel or perpendicular to the polarization state of

)l EFE
— R R =

083937

(b)

the incident light, and HH and HV represent the polarization
components corresponding to horizontal incident polarization
(the first capital H) and horizontal or vertical detection polari-
zation (the second capital H or V). As shown in Eq. (1), the
LDOP can also be calculated directly using the Mueller matrix
elements m11, m12, m21, and m22. For the MMPD proposed
by Lu and Chipman,'® the Mueller matrix is decomposed into a
product of three submatrices: depolarization (M, ), retardance
(My), and diattenuation (Mp) as shown as Eq. (2),

M:MA'MR'MD' (2)

A set of parameters are derived corresponding to these matri-
ces, i.e., the depolarization power A, the retardance R (including
the linear retardance 6 and circle retardance W), and the diatten-
uation D.!® For the MMT, we use a set of parameters that are
explicitly related to different characteristic microstructures of
the anisotropic tissue samples, such as the density of subwave-
length scattering particles or the orientation and alignment of the
fibrous structures.'® The MMT parameters b and A can be
expressed as Eq. (3):'®

~ m22+4 m33
B 2
2 - (m22 4+ m33) - y/(m22 — m33)? + (m23 + m32)?
(m22 + m33)? + (m22 — m33)? + (m23 + m32)>
€ [0,1].

b

3

All the human cancerous samples used in this study are pro-
vided by Shenzhen Sixth People’s (Nanshan) Hospital. After
surgery, the human cancerous tissue samples are cut into pieces
a few millimeters thick, fixed in formalin, dehydrated, and
embedded in paraffin. Then, the nonstained paraffin slices of
about a 28-um thickness are prepared with a microtome and
imaged using the backscattering Mueller matrix imaging
method. Following standard pathology procedures, the 4-ym
thick paraffin slices are cut from the same paraffin block, rehy-
drated, and stained with hematoxylin-eosin (H-E) to make the
histological plates. We compare the polarization images of the
nonstained 28-ym thick slices with the microscope images of the
H-E stained 4-um thick slices.

Fig. 2 (a) Photograph of a 28-um thick nonstained paraffin slice of human skin basal cell carcinoma
(BCC) tissues and the size of the sample is about 0.5 cm, (b) photograph of the corresponding 4-um
thick H-E stained paraffin slice of the BCC tissue, (c) microscope image of the H-E stained paraffin
slice of the BCC tissue, the darker regions are cancerous tissues.
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Figures 2(a) and 2(b) show the images of a nonstained 28-xm
thick paraffin slice and the corresponding H-E stained 4-ym
thick paraffin slice of human skin BCC. The microscope
image of the H-E stained slice [Fig. 2(c)] shows that there
are two dysplastic regions where the stained colors are darker
than that of the healthy tissues. Pathological diagnosis identified
that the dysplastic regions are BCC tissues. Figures 3(a) and 3(b)
show the images of a nonstained 28-um thick paraffin slice and
the corresponding H-E stained 4-ym thick paraffin slice of a
papillary thyroid carcinoma (PTC). The size of the PTC sample
is much larger than that of the BCC sample. We examined the
microscope image of the H-E stained PTC tissues and found that
there are circularly aligned fibers around the cancerous tissues.
Figure 3(c) shows the microscope image of the black square
marked region of the H-E stained PTC tissues [Fig. 3(b)].
Pathological diagnosis identified that the tissues in the left
part of Fig. 3(c) are fibers and the tissues in the right part
are cancerous tissues. Figure 3(d) shows the microscope
image of the red square marked region of the H-E stained
PTC tissue [Fig. 3(b)]. The tissues in the left part of Fig. 3(d)
are cancerous tissues and the tissues in the right part are fibers.

2.2 Monte Carlo Simulation

In previous works, we have developed a SCBM'! and a cor-
responding Monte Carlo simulation program, which tracks the
trajectories and polarization states of scattered photons. SCBM
contains three key components: spherical scatterers, cylindrical
scatterers, and a birefringent ambient medium, mimicking the
microscopic structures and optical properties of tissues. For
example, the cell nuclei or organelles can be simulated as the
spherical scatterers, and the fibers can be approximated as cylin-
drical scatterers. In the Monte Carlo program, the refractive indi-
ces, the scattering coefficients, and the radius of both the spheres
and cylinders, together with the orientation and angular distri-
bution of the cylinders can be adjusted. For the ambient
medium, the refractive index, the absorption coefficient, the
optical activity coefficient, and the value and direction of

?g'?

(@)

()

birefringence are variables. In this paper, the parameters of
the simulations are set according to the characteristic features
of different tissues, and will be introduced in the following
sections.

3 Results and Discussions

First, we measured the backscattering Mueller matrix of the non-
stained 28-ym thick paraffin slice of BCC sample shown in
Fig. 2(a), which does not exhibit distinctive structures under
either transmission or reflection microscopes. Figure 4 shows
the backscattering Mueller matrix of the nonstained paraffin
slice. It can be observed that the Mueller matrix elements of
the BCC sample have diagonal symmetry. The nondiagonal
Mueller matrix elements are all close to zero, showing that
the BCC samples are close to isotropic. The intensity of the
m22 element is almost the same as that of the m33 element
(m22 = m33). The intensity of the m44 element is smaller
than the intensities of the m22 and m33 elements
(m44 < m22 = m33).

From the images of the Mueller matrix elements, we can cal-
culate the images of other polarization parameters pixel by pixel
including the LDOP, MMT parameters b and A, MMPD param-
eters diattenuation D, depolarization power A, and linear retard-
ance ¢ as shown in Fig. 5. The experimental results clearly show
that for the BCC sample, the linear retardance & and the
anisotropy A are all close to zero. This is proof that the
human BCC skin tissues are highly isotropic. A = 0 indicates
that the sample does not contain aligned fibrous scatterers,'®
while 6 = 0 means that there are neither aligned fibers nor a
birefringent interscatterer ambient medium.?' Figure 5 shows
that the depolarization is the dominate effect in the BCC sam-
ples. Meanwhile, the LDOP, b, D and A images clearly re-
present two regions which are similar to the cancerous areas
shown in the microscopic view of the H-E stained slice
[Fig. 2(c)].

In the cancerous regions on the BCC sample, the values of
the LDOP, b, and D are larger than those in the normal regions,
while the values of A are smaller. According to Egs. (1) and (3),

(d)

Fig. 3 (a) Photograph of a 28-um thick nonstained paraffin slice of human papillary thyroid carcinoma
(PTC) tissues and the size of the sample is about 2 cm, (b) photograph of the corresponding 4-um thick H-
E stained paraffin slice of the PTC tissue, (c) microscope image of the black square marked region of H-E
stained paraffin slice of the PTC tissue. The tissues in the left part are fibers and the tissues in the right
part are cancerous tissues, (d) microscope image of the red square marked region of H-E stained paraffin
slice of the PTC tissue. The left tissues are cancerous tissues and the right tissues are fibers.
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Fig. 4 Normalized backscattering Mueller matrix of a 28-um thick nonstained paraffin slices of the BCC
skin tissues shown in Fig. 2(a). All the Mueller matrix elements are normalized by the m11. The color
codes are from 0 to 1 for all the elements.

(Y -

Diattenuation D Depolarization power A Linear retardance 6

Fig. 5 Two-dimensional images of the polarization parameters of BCC skin tissues shown in Fig. 2(a):
LDOP, MMT parameters b, A, MMPD parameters diattenuation D, depolarization power A and linear
retardance 6.
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for isotropic samples the values of both the LDOP and MMT
parameter b are equal to the m22 or m33 elements
(LDOP = b = m22 = m33). Since the m22 and m33 elements
are correlated to the linear-polarization maintaining power of the
scattering media, LDOP and b also represent the linear-polari-
zation maintaining capability. Parameter A reflects the depolari-
zation power for linear and circular incident polarization states.
The experimental results show that the cancerous tissues are less
depolarizing than healthy tissues. Comparisons between micro-
scope images of the H-E stained slices and polarization images
of the nonstained slices confirm that the polarization images for
the parameters LDOP, b, D, and A can be used to distinguish
cancerous and normal regions for isotropic BCC tissues.

To examine the contrast mechanisms of the polarization
images, we conduct Monte Carlo simulations based on the
SCBM and investigate the relationship between the parameters
of the observed polarization and the parameters of the scattering
model, which represent the microstructures of the tissues. For
the 28-um thick skin samples, we use a single-layered model
to mimic the epidermis tissues.”’ Since the BCC samples are
isotropic, the density of cylindrical scatterers and birefringence
of the ambient medium are set to zero. The scattering model for
BCC consists of spherical scatterers with two different sizes: the
“large” ones (4 ym in radius) represent the cell nuclei (2.5-5 ym
in radius), the “small” ones (0.25 ym in radius) represent the cell
organelles (a few hundred nanometers in diameter) such as mito-
chondria, lysosomes, and ribosomes. The refractive indices of
both spherical scatterers are set to 1.45 according to Ref. 23.
The refractive index of the ambient media is 1.33. The micro-
scope images of the H-E stained skin BCC tissues have shown
that both the cellular densities and sizes of the nuclei increase for
cancerous cells. Therefore, in simulations, we enlarge the
“large” spherical scatterers and increase the densities of both
the “large” and “small” spherical scatterers to examine how
such cancer specific structural features affect the polarization
imaging parameters. First, we keep the density of the spherical
scatterers constant and increase the radius of the “large” scatter-
ers from 4 to 8 um. As shown in Fig. 6(a), as the size of the
“large” scatterers increases, both the LDOP and b decrease,
while A stays almost unchanged. Then, we fix the radius of
the spherical scatterers and increase the scattering coefficient
of the “large” scatterers from 0 to 400 cm™!. Monte Carlo simu-
lated results in Fig. 6(b) demonstrate that both the LDOP and b
decrease and the depolarization power A increases with the
increasing scattering coefficient of the “large” scatterers. The
simulated results show that only Fig. 6(c) fits the experimental
observations of the BCC sample where the LDOP and b increase
but A decreases in the cancerous regions. Such quantitative
agreement between the experiments and simulations indicates
that for the BCC tissues, the dominant contrast mechanism
for polarization measurements is the increased number density
of the “small” scatterers or the cell organelles. For cancerous
tissues, the well-known pathological features include increases
in the cell density and number density of the mitochondria, both
of which lead to increases in the number of “small” scatterers in
the cancerous region.!

We also applied polarization measurements to the nonstained
paraffin slices of human PTC tissues. We measured the 28-ym
thick nonstained paraffin slice of PTC tissue [shown in
Fig. 3(a)]. The normalized backscattering Mueller matrix of
the sample is shown in Fig. 7. It can be observed that unlike
the BCC tissues, the nondiagonal Mueller matrix elements of
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Fig. 6 Monte Carlo simulated parameters LDOP, b, and A as func-
tions of (a) the radius of the “large” scatterers, (b) the scattering coef-
ficient of the “large” scatterers and (c) the scattering coefficient of the
“small” scatterers.

the PTC tissues are not close to zero, which indicates the thyroid
tissues are anisotropic.>*

Using the normalized backscattering Mueller matrix images
of the PTC tissues, we calculated the images of the polarization
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Fig. 7 Normalized backscattering Mueller matrix of the 28-um thick non-stained paraffin slices of the
human PTC tissue shown in Fig. 3(a). All the Mueller matrix elements are normalized by the m11.
The color codes are from 0 to 1 for the m11, m22, m33, m44 elements and —0.2 to 0.2 for other elements.

parameters LDOP, b, A, D, A, and §, as shown in Fig. 8. A path- a distinctive “abnormal” circular region of exceptionally higher
ology examination of these images reveals that the LDOP, MMT values. It has been known from our previous studies that the
parameter b, MMPD parameters D, A, and § do not display the parameter A is closely related to the “anisotropy” or degree
cancerous region, but the image of parameter A clearly displays of alignment of the fibrous structures.'® It is also known in

Diattenuation D Depolarization power A

Linear retardance 8

Fig. 8 Two-dimensionalimages of polarization parameters of the PTC tissue shown in Fig. 3(a): LDOP, MMT
parameters b, A, MMPD parameters diattenuation D, depolarization power A, and linear retardance §.
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Fig. 9 Monte Carlo simulated dependence of parameters LDOP, b, A, 5 and A to (a) the standard
deviation of angular distribution of the cylinders (the order of alignment for the fibers), (b) the ratio
between the scattering coefficients of cylinders and spheres.

clinical pathology that a distinctive feature of PTC is fibropla-
sias, which can be observed from the microscope image of
Figs. 3(c) and 3(d) in the circular regions of the thyroid tissues.
The tissues around the circular regions are pathologically iden-
tified as PCC. The experimental results clearly show that for the
PTC tissues with fibrosis, the parameter A may serve as a sen-
sitive indicator for clinical diagnosis.

Again, to examine the contrast mechanism for the polariza-
tion images of PTC, we conduct a Monte Carlo simulation
based on the SCBM to show the relationship between the
parameters (LDOP, b, A, §, A) and the structures of fibrous
tissues. To mimic structural features of fibroplasias, we can
change the order of alignment of the fibrous scatterers by vary-
ing the standard deviation of their angular distributions and the
volume fraction of the fibers by varying the ratio between the
scattering coefficients of cylinders and spheres. In the scatter-
ing model for the PTC tissues, the spherical scatterers (4 ym in
radius) represent the cell nuclei and the cylindrical scatterers
(0.25 pm in radius) represent the fibers. The thickness of the
medium is set to 28 ym. The refractive indices of the spherical
and cylindrical scatterers are set to 1.45.2>2% The refractive
index of the ambient medium is 1.33. The total scattering coef-
ficient of the cylindrical and spherical scatterers is 500 cm™!
according to Ref. 26. The simulated results in Fig. 9 show that
as the microstructure of the sample becomes increasingly
anisotropic by either decreasing the standard deviation of
the angular distribution for the cylinders or increasing the vol-
ume fraction of the cylinders, the values of the parameter A
sharply increase. The simulations confirm the experimental
observation that the parameter A is a sensitive indicator for
fibroplasias. The simulated results in Fig. 9 also indicate
that the linear retardance 6 should also respond to fibroplasias
which were not observed in the experimental results (Fig. 8).
This could be because the simulated values of the parameter A
are always larger than that of the linear retardance 8. Also, it is
known from other studies that J is sensitive to other parameters
of the scattering model such as the size of the cylindrical scat-
terers.?! In summary, both the experiments and Monte Carlo
simulations indicate that the parameter A is very sensitive to
fibroplasias and may serve as an indicator for the clinical diag-
nosis of PTC.
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4 Conclusion

In this paper, we apply backscattering polarization imaging
technique on two types of cancerous tissues: human BCC
and papillary thyroid carcinoma. Using the Mueller matrix ele-
ments, we calculate different polarization parameters: linear
degree of polarization (LDOP), MMPD parameters diattenua-
tion D, depolarization power A and linear retardance §, and
MMT parameters b and A, then use them to identify the char-
acteristic features of the BCC and PTC cancerous tissues. A
comparison between the backscattering polarization images
of the 28-um thick unstained slices and the histopathological
analysis of the 4-um H-E stained slices from the samples dem-
onstrate that the polarization images reveal characteristic fea-
tures of carcinomas. For the BCC samples, the parameters
LDOP, D, A, and b exhibit contrast differences between the can-
cerous and normal tissues. For the PTC samples, the parameter
A is the most sensitive to the existing cancerous tissues among
these parameters. For better understanding, we conduct Monte
Carlo simulations based on the SCBM to examine the relation-
ship between the structural parameters of the scattering models,
which correspond to morphological and pathological changes in
cancerous tissues at the cellular level, and the characteristic fea-
tures of the polarization parameters. The experimental and sim-
ulation results confirm that the parameters LDOP, A, and b are
sensitive to the variations of “small” scatterers and the parameter
A is sensitive to the alignment and volume fraction of the fibers
in fibroplasias. This study reveals the contrast mechanisms for
polarization imaging techniques of cancerous tissues and pro-
vides possibilities for future clinical applications.
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