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Abstract: Recently, we developed a label-free method to probe the microstructural information
and optical properties of unstained thin tissue slices based on microscopic Mueller matrix imaging
technique. In this paper, we take the microscopic Mueller matrix images of human breast ductal
carcinoma tissue samples at different pathological stages, and then calculate and analyze their
retardance-relatedMueller matrix-derived parameters. To reveal the microstructural features more
quantitatively and precisely, we propose a new method based on first-order statistical properties
of image to transform the 2D images of Mueller matrix parameters into several statistical feature
vectors. We evaluate each statistical feature vector by corresponding classification characteristic
value extracted from the statistical features of Mueller matrix parameters images of healthy breast
duct tissue samples. The experimental results indicate that these statistical feature vectors of
Mueller matrix derived parameters may become powerful tools to quantitatively characterize
breast ductal carcinoma tissue samples at different pathological stages. It has the potential
to facilitate automating the staging process of breast ductal carcinoma tissue, resulting in the
improvement of diagnostic efficiency.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Breast cancer incidence has been increasing for decades worldwide, and this megatrend will
carry on into the future with tremendous damage and suffering to the physical and mental health
of women [1,2]. According to the most recent data on cancer incidence, mortality, and survival
in women compiled by the American Cancer Society in 2019, breast cancer accounts for 30% of
all estimated new cancer diagnoses and 15% of all estimated cancer deaths [3,4]. Breast cancer is
heterogeneous: more than 20 distinct histopathological subtypes have been identified, which are
clinically relevant with tumor grade and stage, classification according to estrogen receptor α and
progesterone receptor status, assessment by immunohistochemistry (IHC), and so on [5,6]. Breast
ductal carcinoma is a common type of breast cancer starts in cells that line the mammary ducts,
which carry breast milk to the nipple. Clinically, there are two types of breast ductal carcinoma
due to different expression of gene and epigenome: ductal carcinoma in situ (DCIS) and invasive
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ductal carcinoma (IDC) [7,8]. Generally, DCIS is an early stage of breast ductal carcinoma in
which epithelial cells with similar features of infiltrating carcinoma have proliferated within
mammary ducts but have not yet invaded surrounding tissues, while IDC refers to a later stage
of breast ductal carcinoma that carcinoma cells have broken through the wall of the mammary
ducts and begun to invade the tissues of the breast, and even spread to the lymph nodes and other
areas of body [9,10]. It has been testified that young women with benign lesion of fibrocystic
change and breast ductal carcinoma are highly susceptible to develop advanced malignant lesions
as age increasing [11]. Clearly early diagnosis is a vital step in the treatment of breast ductal
carcinoma. The gold standard of cancer diagnosis currently is the microscopic examination of
histological tissue slices that are stained with certain dyes such as hematoxylin and eosin (H and
E) to reveal qualitative morphological information on pathological samples [12,13]. The limits
of conventional histological analysis are that the diagnosis accuracy relies heavily on the clinical
experience and pathological knowledge of pathologists, and the staining process of histological
sections may destroy the tissue samples’ microstructures, then complicates the diagnosis process
and prolongs the diagnosis time. Recently, for quantitative evaluation of breast ductal carcinoma
tissues, more and more optical methods have been developed, such as the second harmonic
generation (SHG) technique [14], the Mueller matrix imaging technique [15], and so on.

Experimental evidence has demonstrated that both the structure and composition of collagenous
components of breast ductal tissues undergo alterations with tumor initiation and progression
[16]. Mueller matrix imaging, as a type of polarimetry, has many unique advantages as a
promising label-free technique for detecting tissue microstructures, especially the anisotropic
fibrous components in complex biological specimens [17–19], including breast ductal carcinoma
tissues. As a comprehensive characterization of the polarization properties of the sample, Mueller
matrix can reveal abundant structural information and optical properties of tissues and other
scattering media. Hence it has found applications in various biomedical studies and practices
[17–21], as well as the characterization of textiles [22] and polymers [23]. Recently, we have
reported a modulus-designed Mueller matrix microscope by adding both the polarization states
generator and analyzer (PSG and PSA) to a commercial transmission-light optical microscope.
It provides a powerful tool for obtaining the wavelength-scale microstructural information of
tissues [24]. Preliminary biomedical applications on pathological tissue samples, such as liver
fibrosis [25], gastrointestinal luminal tuberculosis [26] and breast ductal carcinoma [15,27,28],
have shown the diagnostic potential of such Mueller matrix microscope and Mueller matrix
derived parameters.
Previously, we used the Mueller matrix microscope and retardance-related Mueller matrix

derived parameters as the detection and staging tools of human breast ductal carcinoma tissues at
different progression stages [15]. However, for clinical diagnosis a detailed comparison among
different parameters is crucial, and more quantitative indicators are needed. Here in this study, we
propose a newmethod to obtain a set of statistical feature vectors of the Mueller matrix parameters
by dividing the original parameter images into blocks and deriving the statistical characteristics
of each image block. We also compare the statistical characteristics of the potentially useful
Mueller matrix parameters between normal and abnormal breast ductal tissue samples. The
results indicate that these statistical feature vectors of Mueller matrix derived parameters may
become powerful tools to quantitatively and objectively characterize breast ductal carcinoma
tissue samples at different pathological stages. Compared to the conventional histological analysis
for breast ductal tissue samples, the proposed technique in this study is capable of probing more
microstructural information and optical properties of unstained pathological tissue sections,
deriving quantitative indicators for objective evaluation, and potentially facilitating the training
procedure of pathologists. Therefore, it has the potential to facilitate automating the staging
process of breast ductal carcinoma tissue, resulting in the improvement of diagnostic efficiency.
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2. Materials and methods

2.1. Experimental setup

Here we use the transmission Mueller matrix microscope upgraded from a commercial optical
microscope (L2050, Liss Optical Instrument Factory, Guangzhou, China) by adding the compact
polarization states generator (PSG) and analyzer (PSA) modules based on the dual rotating
retarder method [29,30]. As shown in Fig. 1, the illuminating light from the light-emitting diode
(632 nm, 3 W, Cree, China) passes through the PSG module where the polarization states of
incident light can be controlled by a polarizer with the horizontal polarization direction (P1,
extinction ratio 500:1, Daheng Optics, China) and a rotatable quarter-wave plate (R1, Daheng
Optics, China). The light beams with different polarization states transmit the sample on the stage
and the objective lens. It is then analyzed by the PSA module consisting of another rotatable
quarter-wave plate (R2, Daheng Optics, China) and polarizer with the horizontal polarization
direction (P2, extinction ratio 500:1, Daheng Optics, China), and recorded by a 12-bit CCD
camera (QImaging 74-0107A, Canada).

Fig. 1. Photograph and schematic of the Mueller matrix microscope. P: polarizer; R:
quarter-wave plate; PSG: polarization states generator; PSA: polarization states analyzer.

In each measurement, the two retarders (R1, R2) rotate thirty times in total with a fixed rate
of ω2=5ω1. After obtaining 30 images with specific polarization input and output states, the
Mueller matrix elements can be calculated by using the Fourier coefficients [31]. Before applying
to the tissue samples, the microscope was calibrated and compensated by measuring the Mueller
matrices of standard samples such as air, polarizers and retarders. As shown in Eq. (1), Msample
represents the true Mueller matrix of the sample, Mobjective

−1 represents the compensating matrix
of the microscope system, Mmeasured represents the measured Mueller matrix of the sample in
the experiment. Comparing the mean values of each element of standard samples’ Mueller
matrix before and after the calibration, we can see that the maximum error of the Mueller matrix
microscope has been reduced to 0.01. More details about the calibration process and result of the
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microscope can be found in [30].

Msample = M−1objective ×Mmeasured (1)

2.2. Mueller matrix polar decomposition and transformation parameters

Mueller matrix contains abundant polarization-related structural information of a scattering
sample. For explicit analysis of Mueller matrix, some methods to transform Mueller matrix
elements into parameters with clearer physical and structural meanings have been proposed. In
this work, we adopt the linear retardation-related Mueller matrix polar decomposition (MMPD)
and Mueller matrix transformation (MMT) parameters, which were used in our previous studies
on breast ductal carcinoma tissue samples [15]. TheMMPDmethod proposed by Lu and Chipman
decomposes a Mueller matrix into three sub-matrices reflecting three main physical properties of
a medium: diattenuation (D), retardation (R), and depolarization (∆) [32]. Accordingly, a series
of orientation-insensitive parameters have been extracted from the MMPD method and applied
to the detections of various cancerous tissues [33,34]. In this study, we used the linear retardance
(δ) shown as Eq. (2) to describe the fibrous structures in breast ductal carcinoma tissue samples.

M = M∆MR MD

δ = cos−1
{
[(MR(2, 2) +MR(3, 3))2 + (MR(3, 2) +MR(2, 3))2]

1
2 − 1

} (2)

Where δ is derived fromMR which is the sub-matrix of retardance decomposed from Mueller
matrix (M) [35].
Besides, we also proposed the MMT technique to obtain a set of polarization parameters

which are functions of different Mueller matrix elements and have clear associations with the
microstructures of samples [19,36]. Equation (3) defines the parameter t used in this study.

t =

√
(m42)2 + (m43)2

2
(3)

It has been demonstrated from experiments and simulations that the MMPD parameter δ
and MMT parameter t can be used to reveal the density and alignment orderness of the fibrous
structures [25,37]. Besides, the retardance-related information is mainly reflected in the Mueller
matrix elements m24, m34, m42 and m43. As shown in Eq. (3), the parameter t is linearly
correlated with the root-mean-square of the m42 and m43, which is one of the rotation invariant
parameters representing the capability of transforming between linear and circular polarizations
[38]. However, the individual Mueller matrix elements with positive and negative values often
lack of explicit connections to the characteristic microstructures of tissues and the measurement
can be affected by the orientations of anisotropic structures. Here in this study the proposed
method is more effective for the analysis of Mueller matrix parameters with positive values.
Therefore, we also take the absolute value of Mueller matrix element |m43| as a comparative
group to verify the ability of the individual Mueller matrix element combined with proposed
method to stage breast ductal carcinoma tissues. Of note, the absolute values of Mueller matrix
elements |m24|, |m34| and |m42| can also be used for the comparative study. The Mueller matrix
elements are all normalized by m11, therefore, the values of Mueller matrix parameters |m43|
and t range from 0 to 1. For the parameter δ, its physical unit is radian which ranges from 0 to π,
whereas, in the transmission Mueller matrix measurement of thin breast duct tissue sections, the
values of linear retardance parameter δ are relatively small distributing in the range of 0-0.15.
Therefore, in the following section of methodology, the frequency distribution statistics of Mueller
matrix parameters |m43|, t and δ are all carried out in the range of 0-1.
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2.3. Breast duct tissue sample

We choose some unstained, dewaxed pathological sections of breast ductal carcinoma tissue
slices at different stages as the samples for the Mueller matrix microscope as Figs. 2(a2) - 2(e2).
The samples are all 12-µm-thick slices prepared and provided by Shenzhen Sixth People’s
(Nanshan) Hospital. In addition to the tissue slices in stage 1 (normal), stage 2 (ductal carcinoma
in situ) and stage 3 (invasive ductal carcinoma), we also acquire the samples between normal
and ductal carcinoma in situ grouped as stage 1_2, and those between ductal carcinoma in situ
and invasive ductal carcinoma grouped as stage 2_3. The 12-µm-thick breast ductal tissues
were cut from the dehydrated paraffins for preparing unstained pathological sections, and for
histological comparison, the corresponding 4-µm-thick tissues were cut from the same positions
for preparing hematoxylin and eosin (H and E) stained slices, which are supposed to have the
same pathological structural features. However, it seems that there are some differences between
the microscopic images of the two kinds of pathological slides from Fig. 2, because of (1) the
thickness difference between the two pathological slides and (2) there are some deformations and
damages for microstructures of the corresponding 4-µm-thick tissues for preparing H&E stained
slices during the dyeing process.

Fig. 2. Microscopic images of the H and E stained slices of breast ductal tissues at different
pathological stages: (a1) stage 1; (b1) stage 1_2; (c1) stage 2; (d1) stage 2_3; (e1) stage 3,
and the corresponding 12-µm-thick unstained dewaxed slices of breast ductal tissues: (a2)
stage 1; (b2) stage 1_2; (c2) stage 2; (d2) stage 2_3; (e2) stage 3.

As shown in Figs. 2(a1)–2(e1), the qualitative observations of H and E images indicate that
the fibrous structures in and around the breast catheters (the boundaries marked by the white
dotted lines) have different proportions and distributions for breast ductal carcinoma tissues at
different pathological stages. Specifically, there is no obvious proliferation of collagen fibers
(pink under H and E staining) in normal breast tissues, as shown in Fig. 2(a1). During the
process of carcinogenesis, the abnormal cell nuclei (indigo blue under H and E staining) inside
the catheter and the fibers outside the catheter proliferate gradually and obviously. The alignment
orientation directions of the fibers are shown to be roughly circular aligned in the peripheral
regions surrounding the ducts, as shown in Figs. 2(b1)–2(c1). In Fig. 2(d1), we can observe that
the malignant cells begin to break through the basement membrane of the breast duct (along
the direction marked by the arrow) and spread out to invade the surrounding tissues. With
the development and infiltration of the tumor cells, there is no obvious duct boundary in stage
3 shown as Fig. 2(e1). The densely and orderly distributed fibers around breast catheter are
destroyed completely, and hyperplastic collagen fibers fill the whole breast ductal carcinoma
tissue. Meanwhile we can observe that from the un-polarized intensity images of unstained
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breast histological slices shown as Figs. 2(a2)–2(e2), the fibrous structures in breast ductal tissues
can hardly be discriminated. However, the 2D images of Mueller matrix parameters of these
samples shown in the following sections clearly display fibrous structures, which pave the way
for quantitative evaluation of fibers’ proportion variations in breast ductal carcinoma at different
stages. In this work, 50 breast ductal tissue samples at different stages (10 samples for each stage)
were analyzed. This work was approved by the Ethics Committee of the Shenzhen Sixth People’s
(Nanshan) Hospital.

2.4. Statistical feature vectors of Mueller matrix parameters images

In our previous studies, we found that the 2D images of Mueller matrix elements or derived
parameters can be transformed into frequency distribution histogram (FDH) curves and central
moment parameters by statistical analysis [21,22,39]. The idea of exploiting the spatial features
of polarimetric images has been explored by several other groups in recent years [40–42]. As the
first-order statistical properties of image, FDHs can be used as tools for analyzing but have limited
potential in describing detailed image texture features. In order to take advantage of the local
structural information of image to quantitatively characterize microstructural differences among
breast ductal carcinoma samples at different stages, here we explore the method of statistical
feature vectors of Mueller matrix parameters images. To illustrate, the Mueller matrix element
|m43|, MMT parameter t and MMPD parameter δ images of 990×1260 pixels are all divided into
55×60 pixels patches in sequence. Therefore, as shown in Fig. 3(a), 378 image blocks can be
obtained from each image. Six statistical characteristic parameters-m, std, R, u3, U and e-of each
image block based on FDHs can be calculated, and there are 378 sets of statistical characteristic
parameters can be obtained from each Mueller matrix parameter image. More details about how
to calculate six statistical characteristic parameters of polarimetric image blocks can be found
in the Supplement 1 Section “Six statistical characteristic parameters of polarimetric image
blocks”. Here, the expected value m is the mean value, and std is the standard deviation of all
pixel values in this image. R is supposed to be a measurement of relative smoothness of image
texture brightness. Smoothness value ranges from 0 to 1, and for regions with identical pixel
values, the value of R is 1. Similarly, U represents the consistency of the image. When the
pixel values of the image are the same, U has the maximum value of 1. The fourth statistical
characteristic parameter u3 is called skewness, which can be positive or negative. A positive (or
negative) skewness value represents that the tail on the right side (or the left side) of the FDHs is
longer or fatter than the left side (or the right side). The last statistical characteristic parameter e,
known as entropy, has the potential to measure randomness of the image. The larger value of
entropy means greater uncertainty and randomness of the image.
As shown in Fig. 3(b), along the direction indicated by the red arrow, the six statistical

characteristic parameters calculated from each image block are added to the corresponding
statistical feature vectors in sequence, and finally six statistical feature vectorswith 378 components
(m, std,R, u3,U and e) are formed. Therefore, with six statistical feature vectors in a Mueller
matrix parameter image, we can digitize 2D information of microstructures of human breast
ductal carcinoma tissues.

2.5. Scoring parameters derived from statistical feature vectors of Mueller matrix
parameters

To obtain more quantitative information on the microstructures of breast ductal carcinoma tissues
from the Mueller matrix parameters images, here we adopt a new method based on statistical
feature vectors for the experimental data of all the samples automatically and quantitatively.
Firstly, we calculate the mean value of 378 components in each statistical feature vector for
Mueller matrix parameters of the normal samples in stage 1, and the total mean values of six
statistical feature vectors-f_m, f_std, f_R, f_u3, f_U and f_e-for 10 normal samples are used as

https://doi.org/10.6084/m9.figshare.12760481


Research Article Vol. 11, No. 9 / 1 September 2020 / Biomedical Optics Express 4966

Fig. 3. Process of 2D polarization image digitization: (a) Pseudo-color image of Mueller
matrix parameter |m43| of a 12-µm-thick unstained dewaxed slice of breast ductal carcinoma
in situ. Different blocks are marked by white squares; (b) Diagram of the method for getting
six statistical feature vectors from a polarimetric image.

a criterion denoted as classification characteristic values, to distinguish polarimetric images
between normal and carcinoma samples. The Section “Six classification characteristic values
obtained from normal breast ductal tissue samples” in Supplement 1 provides the details about
how to calculate the six classification characteristic values from normal breast tissues. In order to
evaluate the microstructures of breast ductal carcinoma tissues during the process of initiation and
development progress more quantitatively and objectively, then we propose a scoring parameter
shown as Eq. (4), in which Nabove and Nbelow represent the numbers of components that are
above and below the classification characteristic value respectively in each statistical feature
vector. N_parameters is a general term for the values calculated from statistical feature vectors
m, std,R, u3,U and e according to Eq. (4), and can be denoted as N_m, N_std, N_R, N_u3, N_U
and N_e respectively.

N_parameters =
Nabove

Nbelow
(4)

2.6. Evaluation parameters for characterization ability of different Mueller matrix pa-
rameters

For quantitative comparisons of differentiation ability of different Mueller matrix parameters for
breast ductal carcinoma samples using statistical feature vectors, a parameter, named r_values,
is defined as Eq. (5) according to the definition of overlapping coefficient [43], indicating the
overlapping ratio of N_parameters in two adjacent stages during the development of breast ductal
carcinoma. The overlapping coefficient is defined as a measure of the agreement between two
probability distributions. Mathematically, it can be calculated from the overlapping area of two
probability distribution curves [43]. Since the size of data to be evaluated is relatively small here,
we chose the ratio of the two data sets’ overlapping data range to overall range as a measure of
their agreement or similarity. The range of the parameter r_values is from 0 (separating two
adjacent stages completely) to 1 (overlapping two adjacent stages completely). Therefore, a
smaller value of r_values means a more prominent differentiation ability of the corresponding
N_parameters. In Eq. (5), xmax and xmin represent the maximum and minimum of N_parameters
in the previous stage respectively, and ymax and ymin are the corresponding values of later stage in

https://doi.org/10.6084/m9.figshare.12760481
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the two adjacent stages.

r_values =


xmax−ymin
ymax−xmin (N_parameters = N_m,N_std,N_u3,N_e)

ymax−xmin
xmax−ymin (N_parameters = N_R,N_U)

(5)

3. Results and discussion

3.1. Microscopic imaging results of breast duct tissue samples

The microscopic images of the |m43|, MMT parameter t and MMPD parameter δ of the breast
duct tissue samples at different pathological stages are shown in Fig. 4, with boundaries of the
breast catheters marked by the white dotted lines. We can see that the image contrasts of parameter
t and δ are similar, and are better than that of |m43|.The fibrous structures in and around ducts
characterized by the three polarimetric parameters have the following distribution and proportion
variations at different stages: (1) compared with the normal tissues (stage 1) shown as Fig. 4(a),
the parameters’ values of the fibrous structural components surrounding the lumen in stage 1_2
shown as Fig. 4(b) are obviously higher than those inside the ducts, which means the retardance
around the ducts in the tissues increases gradually with the occurrence of ductal carcinoma,
while that in the internal regions of the ducts remains almost the same; (2) when the abnormal
tissues develop into ductal carcinoma in situ (stage 2) shown as Fig. 4(c), the fibrous structures
around the ducts are much more prominent with dramatically increased parameters’ values
compared with those in stage 1_2; (3) unlike the dense and aligned fibrotic areas immediately
surrounding the ducts in stage 2, the basement membrane of the duct is destructed and broken
down gradually during the process of infiltration and metastasis of carcinoma cells accompanied
by fibroplasias in stage 2_3. It can be observed clearly from Fig. 4(d) that, in contrast to Fig. 4(c),
there is a slight reduction of the parameters’ values surrounding the catheter and an observable
increase inside the catheter, indicating fibers exist both within and without the ducts at this
stage; (4) for invasive ductal carcinoma tissues in stage 3 presented as Fig. 4(e), high retardance
structures are quite prominent not just in the areas surrounding ducts but also within the ducts
themselves. It can be concluded from Fig. 4(e) and our previous study that the proportion of
fibrous structures, which can be quantitatively evaluated by the Mueller matrix parameters, is
notable both inside and outside the ducts with a more disordered distribution behavior [15]. The
main reasons leading to the characteristic variations of retardance-related Mueller matrix-derived
parameters’ values within and without the ducts in breast ductal tissues at different pathological
stages include: (1) extracellular matrix (ECM), i.e. the micro-environmental conditions that
cells find themselves in, will be remodeling during the breast tumor progression. It has been
reported that ECM remodeling plays a critical role in the control and regulation of tumorigenesis
and metastatic progression of breast ductal carcinoma [44]. At the time of carcinogenesis, a
transformation event results in cells invasion into the breast lumen. After that, the abnormal
cells multiply within the breast catheter, and the ECM remodeling increases the linearity and
density of collagen fibers dramatically surrounding the catheter, resulting in primary breast ducal
carcinoma where the basement membrane attached to the basal surface of breast duct epithelial
cells is intact [45], i.e. breast ductal carcinoma in situ. In addition, experiments and simulations
in our previous studies have shown that the retardance-related Mueller matrix-derived parameters
are good and quantitative indicators of fibrous structures [25,38]. Therefore, an increasing of
retardance surrounding the breast catheter is observed for breast ductal carcinoma in situ with
respect to the normal breast ductal tissue; (2) the increased linearity and density of collagen
fibers in pre-malignant tissue were shown to contribute to malignant transformation in the breast
tissues [46]. The lysyl oxidase (LOX) secreted by hypoxic carcinoma cells inside the breast duct
increases invasion, destroying the basement membrane and enabling metastatic dissemination.
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There is no obvious duct boundary in invasive breast ductal carcinoma, and malignant cells
together with proliferative fibers fill the entire breast tissue [47]. Therefore, an increasing of
the retardance is observed both within and without the breast ducts for invasive breast ductal
carcinoma compared to the normal breast ductal tissue.

Fig. 4. Pseudo-color images of polarimetric parameters (the absolute value of Mueller
matrix element |m43|, MMT parameter t and MMPD parameter δ) of the 12-µm-thick
unstained dewaxed slices of breast duct tissue samples at different pathological stages: (a)
stage 1 (normal); (b) stage 1_2 (between normal and ductal carcinoma in situ); (c) stage
2 (ductal carcinoma in situ); (d) stage 2_3 (between ductal carcinoma in situ and invasive
ductal carcinoma); (e) stage 3 (invasive ductal carcinoma). The boundaries of the breast
ducts are marked by the white dotted lines. The range of color bar is from 2th percentile
to 98th percentile of each polarimetric parameter of all of breast ductal tissues at different
pathological stages.

3.2. Quantitative characterization of polarimetric images of breast ductal carcinoma
tissues at different stages

For quantitative analysis of the microstructural variations of breast ductal carcinoma tissues at
different stages, in this section, the classification characteristic values-f_m, f_std, f_R, f_u3, f_U
and f_e-are calculated by using Eq. (S2) shown in Supplement 1 and presented in Table 1.

Table 1. Six classification characteristic values for three Mueller matrix parameters.

f_m f_std f_R f_u3 f_U f_e

| m43 | 0.019 0.015 0.986 0.002 0.132 3.22

t 0.015 0.009 0.991 0.001 0.190 2.65

δ 0.028 0.017 0.983 0.003 0.113 3.49

Figure 5 illustrates the box plots of the statistical feature vectors m, std,R, u3,U and e extracted
from |m43| of breast ductal carcinoma tissue samples from stage 1_2 to stage 3. Classification
characteristic values (denoted by black or red solid lines for each statistical feature vector) and
378 components of statistical feature vectors (denoted as point clouds in different colors next to
the corresponding box plots) are clearly displayed in this figure, from which we can obviously
observe that the proportions of the components above and below the classification characteristic
values represented by the solid lines are different in the process of carcinogenesis. The values of

https://doi.org/10.6084/m9.figshare.12760481
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scoring parameters (N_m, N_std, N_R, N_u3, N_U and N_e) for breast ductal carcinoma tissue
samples can be calculated by using Eq. (4) in Section 2.5.

Fig. 5. Components of six statistical feature vectors extracted from |m43| of breast ductal
carcinoma tissue samples at different pathological stages: (a) stage 1_2; (b) stage 2; (c)
stage 2_3; (d) stage 3. Classification characteristic values obtained from normal tissue
samples are denoted by black or red solid lines for each statistical feature vector. 378
components of statistical feature vectors are denoted as point clouds in different colors next
to the corresponding box plots.

N_parameters is sensitive to subtle change in distribution of FDHs of polarimetric parameters,
to better distinguish among different stages of the breast ductal carcinoma tissues. Of note,
random noise and outliers contribute little for the classification ability of N_parameters since:
(1) although random noise would systematically shift the distribution of FDHs towards the right,
all of our experiments were conducted under the same optical system, and it is reasonable to
assume that they are subjected to the same distribution of noise. The FDHs of polarimetric
parameters of all breast ductal tissues at different pathological stages would be subjected to the
same systematic shift, which means the proposed method remains valid under random noise; (2)
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The retardance related parameters are very sensitive to the fibrous structures and have strong
specificity. Therefore, an outlier is rarely observed under normal experiment conditions. Besides,
due to the fact that the polarimetic parameter image is divided into blocks for analysis, the effect
of outliers is further reduced.
As indicated in Fig. 6(a), the values of N_parameters for Mueller matrix element |m43|

of the samples shown in Fig. 5 change regularly with the pathological development of breast
ductal carcinoma: (1) the values of N_m, N_std, N_u3 and N_e increase significantly as the
formation and metastasis of carcinoma cells from stage 1 to stage 3; (2) the values of N_R and
N_U decrease monotonically in occurrence and progress of the lesion, and would approach
0 when carcinoma cells infiltrate the mammary tissue completely. Moreover, the values of
N_parameters for corresponding MMT parameter t and MMPD parameter δ of these samples are
also calculated and displayed in Figs. 6(b) and 6(c) respectively, which have the similar trends
during the development processes from stage 1 to stage 3.

Fig. 6. Values of N_parameters of one sample in each pathological stage (from stage 1 to
stage 3) for three polarimetric parameters: (a) absolute value of Mueller matrix element
|m43|; (b) MMT parameter t; (c) MMPD parameter δ. The values of N_parameters in stage
1 are set as 1 used as criteria for evaluating other stages.

For a better confirmation of the observation above, the box plots of N_parameters of 10
samples in each pathological stage (from stage 1 to stage 3) for three Mueller matrix parameters
are displayed in Fig. 7. We can clearly observe that for the three polarimetric parameters, the
variation trends of all the N_parameters are monotonous and identical: (1) the N_m (red dots),
N_std (black dots), N_u3 (blue dots) and N_e (orange dots) values of all breast ductal carcinoma
samples present obvious increasing trends during the development of breast ductal carcinoma,
reaching the maximum 12.05 and minimum 3.07 in stage 3 from 1 in stage 1; (2) the values of
N_R (green dots) and N_U (purple dots) for all samples show quick drops during carcinogenesis
process, declining from 1 in stage 1 to the maximum 0.317 and minimum 0.041 in stage 3. When
ductal carcinoma cells adequately invade surrounding tissues, they are supposed to approach the
value of 0. On the other hand, Fig. 7 shows that the three Mueller matrix parameters have different
abilities to distinguish different pathological stages of breast ductal carcinoma tissues based on
the method of statistical feature vectors. Specifically, N_parameters of MMPD parameter δ have
better contrasts than the other two parameters in differentiating samples in stage 2_3 from those
in stage 2. However, compared with the |m43| and MMPD parameter δ, MMT parameter t is
more powerful for characterizing samples in stage 3. It can be concluded from the above analysis
that polarimetric parameters and their corresponding statistical feature vectors have potential to
become quantitative indicators that can help determine the stage of the breast ductal carcinoma
tissues.
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Fig. 7. Box plots of N_parameters of 10 samples in each pathological stage (from stage 1 to
stage 3) for three polarimetric parameters: (a) absolute value of Mueller matrix element
|m43|; (b) MMT parameter t; (c) MMPD parameter δ. The values of N_parameters in stage
1 are set as 1 used as criteria for evaluating other stages.

3.3. Comparisons of characterization ability of different Mueller matrix parameters

For quantitative comparisons of differentiation ability of different Mueller matrix parameters for
breast ductal carcinoma samples using statistical feature vectors, r_values of all experiments are
calculated according to Eq. (5) in Section 2.6 and shown in Table 2. It can be observed from
Table 2 that even though the absolute value of |m43| has excellent differentiation ability for breast
ductal carcinoma samples in stage 2 and stage 1_2, its classification ability is generally worse
than the other two parameters considering all stages. Compared with the N_parameters extracted
from MMPD parameter δ, the values for MMT parameter t are better at differentiating breast
ductal carcinoma samples in stage 2 from those in stage 1_2 and classifying samples in stage 3.
In contrast, MMPD parameter δ has a better ability to make decision for samples between stages
1 and 1_2, as well as those between stages 2 and 2_3. Although both the MMPD and MMT
parameters have the good ability in characterizing microstructures of breast ductal carcinoma
tissues at different pathological stages, the calculation of MMT parameters is much faster than
the MMPD parameters (0.004 s versus 57.18s for a Mueller matrix) under the same hardware
condition (Intel(R) Core(TM)i7-9700 CPU and MATLAB 2019).
Although further systematic analyses should be carried out, the preliminary results in this

work demonstrate that the method of digitizing 2D Mueller matrix images into statistical feature
vectors has the potential to facilitate characterizing the microstructural variations during the
development of breast ductal carcinoma tissues quantitatively, resulting in the basis of automation
of staging process and acceleration of diagnosis. Moreover, three Mueller matrix parameters
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Table 2. Values of r_values for all samples in two adjacent stages during carcinogenesis process.

N_m N_std N_R N_u3 N_U N_e

| m43 |
Stage1- Stage1_2 0.402 0.173 0.729 0.169 0.618 0.197

Stage1_2- Stage2 0.000 0.000 0.000 0.000 0.000 0.000

Stage2- Stage2_3 0.284 0.283 0.263 0.376 0.196 0.161

Stage2_3- Stage3 0.404 0.163 0.637 0.149 0.223 0.107

t
Stage1- Stage1_2 0.289 0.105 0.453 0.076 0.393 0.138

Stage1_2- Stage2 0.000 0.000 0.000 0.000 0.000 0.000

Stage2- Stage2_3 0.025 0.024 0.000 0.678 0.075 0.137

Stage2_3- Stage3 0.000 0.000 0.072 0.057 0.000 0.000

δ

Stage1- Stage1_2 0.281 0.028 0.054 0.410 0.174 0.063

Stage1_2- Stage2 0.000 0.000 0.000 0.271 0.086 0.021

Stage2- Stage2_3 0.000 0.000 0.000 0.000 0.000 0.000

Stage2_3- Stage3 0.000 0.000 0.000 0.383 0.340 0.228

have been compared to show different evaluation abilities for different stages of breast ductal
carcinoma tissue samples: (1) considering all the values of N_parameters, the MMT parameter t
and MMPD parameter δ have good differentiation ability, and both of them are superior to the
|m43|; (2) from the values of N_m, N_std and N_R, we can see that the MMPD parameter δ
has more advantages than the other two parameters. The values of N_parameters between any
two adjacent stages are close to or equal to 0 for the MMPD parameter δ, indicating that this
technique has a good application prospect in the field of quantitative staging of breast ductal
carcinoma tissues.

4. Conclusion

In summary, we measured microscopic Mueller matrix images of breast ductal carcinoma tissues
at different stages. The 2D images of Mueller matrix element |m43|, MMT parameter t and
MMPD parameter δ of unstained breast duct tissue slices at different pathological stages were
calculated and analyzed. For quantitative characterization, each Mueller matrix image was
successively and evenly divided into 378 blocks from which six 378-dimensional statistical feature
vectors can be obtained. After being evaluated by the corresponding classification characteristic
value calculated from the statistical features of healthy duct tissue samples, 378 components
in each statistical feature vector can be divided into two groups. Then a scoring parameter
N_parameters was proposed based on the number of components in the two groups. We can
conclude from the values of N_parameters of the statistical feature vectors for all of breast
ductal carcinoma tissue samples at different stages that, the N_m, N_std, N_u3 and N_e values
experience a rapid rise with tumor initiation and progression, while the N_R and N_U present a
quick drop during carcinogenesis process. Moreover, a comparative study showed that: the MMT
parameter t and MMPD parameter δ have better characterization ability than the |m43|. The
experimental results indicated that the microscopic Mueller matrix parameters combined with
image processing method may have potential to provide monitoring indicators for quantitatively
characterizing the microstructural variations of the breast duct tissues with carcinoma initiation
and progress.
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