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Abstract: Mueller matrix polarimetry is a potentially powerful technique for obtaining
microstructural information of biomedical specimens. Thus, it has found increasing application
in both backscattering imaging of bulk tissue samples and transmission microscopic imaging of thin
tissue slices. Recently, we proposed a technique to transform the 4 × 4 Mueller matrix elements
into a group of parameters, which have explicit associations with specific microstructural features
of samples. In this paper, we thoroughly analyze the relationships between the Mueller matrix
transformation parameters and the characteristic microstructures of tissues by using experimental
phantoms and Monte Carlo simulations based on different tissue mimicking models. We also adopt
quantitative evaluation indicators to compare the Mueller matrix transformation parameters with the
Mueller matrix polar decomposition parameters. The preliminary imaging results of bulk porcine
colon tissues and thin human pathological tissue slices demonstrate the potential of Mueller matrix
transformation parameters as biomedical diagnostic indicators. Also, this study provides quantitative
criteria for parameter selection in biomedical Mueller matrix imaging.

Keywords: Mueller matrix; cylindrical scatterers; birefringence; biomedical imaging;
quantitative criteria

1. Introduction

Polarization imaging techniques are sensitive to microstructural changes in tissues, and can
therefore be regarded as potential tools for biomedical diagnosis [1–3]. As a comprehensive description
of polarization characteristics of scattering samples, Mueller matrices have recently been widely
used in abnormal tissue detection for both backward imaging of bulk tissue sample scattering and
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transmission imaging of thin tissue slices [4–11]. However, although a Mueller matrix contains rich
structural information about tissues, such information is difficult to obtain from the 16 elements
directly. To deal with this problem, several methods have been proposed to transform these 16 Mueller
matrix elements into different groups of derived parameters with clearer physical and structural
meaning [12–15].

For instance, the Mueller matrix polar decomposition (MMPD) [12] and the Mueller matrix
transformation (MMT) [14,15] methods have both shown that the derived parameters can distinguish
dysplasia and normal areas of investigated tissue samples [16–18]. The MMPD method decomposes
a Mueller matrix into a set of sub-matrices representing a depolarizer, a retarder, and a diattenuator,
respectively. After the decomposition, the three sub-matrices can be transformed into specific
parameters related to the depolarization, retardance, and diattenuation properties. Meanwhile, in our
previous studies, we have found that the Mueller matrix elements of anisotropic media can be fitted to
trigonometric functions. Based on these functions, the MMT parameters can be obtained and provide
several indicators of anisotropy, depolarization, and direction of fibrous structures [3]. Besides, there
are some other recent studies in the Mueller matrix analysis, where the Mueller matrix images of
tissues were also analyzed in the frame of groups of parameters [19–22].

Recent applications of various cancerous tissues have demonstrated the diagnostic potential of
Mueller matrix-derived parameters [6,8,17,23]. However, a quantitative analysis of the Mueller matrix
parameters is still needed to help select a specific group of parameters suitable for a specific biomedical
polarization measurement. In this paper, we compare the MMPD and MMT methods, focusing on
their quantitative characterization capabilities of tissue properties, especially the depolarization and
anisotropy. Firstly, we use a silk phantom and a birefringent gradient-index (GRIN) lens [24] to
reveal the distinct effects of cylindrical scatterers and birefringence on Mueller matrix elements. Then,
based on the sphere-cylinder-birefringence model (SCBM) [25,26] and the Monte Carlo simulation
program [27], we generate the Mueller matrices of different tissue models, and calculate their
corresponding MMPD and MMT parameters. Lastly, two indicators are adopted to evaluate the
characterization capabilities of these parameters. The preliminary imaging results of porcine colon and
human pathological tissues demonstrate quantitative criteria for parameter selection in biomedical
Mueller matrix imaging.

2. Methods and Materials

2.1. Experimental Setup and Materials

The Mueller matrix measurement setup used in this study is based on a dual-rotating retarder
polarimeter, as shown in Figure 1a. The light source is a diode laser (3 W, 632 nm, ∆λ = 20 nm, Cree,
Shenzhen, China). The polarization state generator (PSG) is composed of a lens (L1, Thorlabs, Newton,
NJ, USA), a fixed linear polarizer (P1, GCM-0902M, extinction ratio 500:1, Daheng Optics, Beijing,
China), and a rotatable quarter-wave plate (R1, Daheng Optics, China). Similarly, the polarization
state analyzer (PSA) is also composed of a lens (L2/L3, focal lengths 5 cm, Thorlabs, USA), a fixed
linear polarizer (P2/P3, GCM-0902M, extinction ratio 500:1, Daheng Optics, China), and a rotatable
quarter-wave plate (R2/R3, Daheng Optics, China). The polarization images of the sample are recorded
by a 12-bit CCD camera (CCD1/CCD2, QImaging 74-0107A, Canada). During the measurement,
the polarizers (P1, P2, P3) are fixed in the horizontal direction, while the quarter-wave plates (R1, R2, R3)
rotate with the fixed rates ω2 = 5ω1. Then, the Mueller matrix elements can be calculated by using the
Fourier coefficients [28,29]. The setup was calibrated by measuring the Mueller matrices of standard
samples, including air and retarders, and the experimental results demonstrated that the maximum
error of the setup is about 1%. It can be noticed from Figure 1a that by changing the position of the
PSA arm, the backward and forward Mueller matrices of the sample can be obtained.
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Figure 1. (a) Schematic of the Mueller matrix configuration for both backscattering and transmission 
measurements. L1, L2, L3: lens; P1, P2, P3: polarizer; R1, R2, R3: quarter-wave plate. (b) Silk 
phantom; the diameter of the silk fiber is 1.5 μm and its refractive index is 1.56; the scattering 
coefficient of the silk layer is 70 cm−1, the outer diameter of the phantom is 1.5 cm and its thickness is 
2 mm. 

As shown in Figure 1b, here we use a silk phantom to initially observe the effects of cylindrical 
scatterers on Mueller matrix elements. Since the silk phantom is made of natural silk fibers neatly 
wound around a plastic pillar, it can be approximated as an anisotropic cylindrical scatterer [25]. We 
also use a GRIN lens to observe the effects of birefringence on Mueller matrix elements. For the 
GRIN lens, its anisotropic properties mainly come from birefringence along its radius. The GRIN 
lens is provided by Femto Technology Co. Ltd. It is 6.0 cm in length, 2 mm in diameter, and its 
birefringence (Δn) along the radius is from 0 to 10−5. Considering that the scattering property of the 
silk phantom is strong, while it is limited for the GRIN lens, we measure the backscattering Mueller 
matrix of the silk phantom and the transmission Mueller matrix of the GRIN lens. 

To test the biomedical application of the Mueller matrix-derived parameters, we also measure 
two different tissue samples: (1) ex vivo porcine colon tissue (imaged from serosa side) in reflection 
geometry, and (2) human pathological tissue sections in transmission direction. The human tissue 
samples were provided by Shenzhen Sixth People’s (Nanshan) hospital. The use of human tissue 
samples in this study was approved by the Ethics Committee of the Shenzhen Sixth People’s 
(Nanshan) Hospital. 

2.2. Mueller Matrix Polar Decomposition (MMPD) and Mueller Matrix Transformation (MMT) Parameters 

The MMPD method proposed by Lu and Chipman regards the Mueller matrix as a combination 
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Using Equation (1) the MMPD parameters Δ, R, and D can be calculated, representing 
depolarization, retardance, and diattenuation properties of the sample, respectively. It should be 
noted that the retardance is composed of linear retardance and circular retardance. In this paper, we 
mainly analyze the linear retardance of tissues as represented by Equation (2): 𝛿 ൌ cosିଵሼඥሾ𝑀ோሺ2,2ሻ  𝑀ோሺ3,3ሻሿଶ  ሾ𝑀ோሺ3,2ሻ െ 𝑀ோሺ2,3ሻሿଶ െ 1ሽ (2) 

Figure 1. (a) Schematic of the Mueller matrix configuration for both backscattering and transmission
measurements. L1, L2, L3: lens; P1, P2, P3: polarizer; R1, R2, R3: quarter-wave plate. (b) Silk phantom;
the diameter of the silk fiber is 1.5 µm and its refractive index is 1.56; the scattering coefficient of the
silk layer is 70 cm−1, the outer diameter of the phantom is 1.5 cm and its thickness is 2 mm.

As shown in Figure 1b, here we use a silk phantom to initially observe the effects of cylindrical
scatterers on Mueller matrix elements. Since the silk phantom is made of natural silk fibers neatly
wound around a plastic pillar, it can be approximated as an anisotropic cylindrical scatterer [25].
We also use a GRIN lens to observe the effects of birefringence on Mueller matrix elements. For the
GRIN lens, its anisotropic properties mainly come from birefringence along its radius. The GRIN lens
is provided by Femto Technology Co. Ltd. It is 6.0 cm in length, 2 mm in diameter, and its birefringence
(∆n) along the radius is from 0 to 10−5. Considering that the scattering property of the silk phantom is
strong, while it is limited for the GRIN lens, we measure the backscattering Mueller matrix of the silk
phantom and the transmission Mueller matrix of the GRIN lens.

To test the biomedical application of the Mueller matrix-derived parameters, we also measure
two different tissue samples: (1) ex vivo porcine colon tissue (imaged from serosa side) in reflection
geometry, and (2) human pathological tissue sections in transmission direction. The human tissue
samples were provided by Shenzhen Sixth People’s (Nanshan) hospital. The use of human tissue
samples in this study was approved by the Ethics Committee of the Shenzhen Sixth People’s
(Nanshan) Hospital.

2.2. Mueller Matrix Polar Decomposition (MMPD) and Mueller Matrix Transformation (MMT) Parameters

The MMPD method proposed by Lu and Chipman regards the Mueller matrix as a combination
of three main factors: depolarizer, retarder, and diattenuator.

∆ = 1− |tr(m∆)|
3

= 1− |tr(M∆)− 1|
3

,

R = cos−1
[

tr(MR)

2
− 1
]

,

D =
1

m11

√
m2

12 + m2
13 + m2

14.

(1)

Using Equation (1) the MMPD parameters ∆, R, and D can be calculated, representing
depolarization, retardance, and diattenuation properties of the sample, respectively. It should be
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noted that the retardance is composed of linear retardance and circular retardance. In this paper,
we mainly analyze the linear retardance of tissues as represented by Equation (2):

δ = cos−1
{√

[MR(2, 2) + MR(3, 3)]2 + [MR(3, 2)−MR(2, 3)]2 − 1
}

(2)

In our previous studies, both experiments and Monte Carlo simulations have confirmed that the
azimuthal angular-dependent Mueller matrix elements can be fitted to trigonometric functions. Using
these functions, several independent MMT parameters can be obtained shown, as in Equation (3).

b =
m22 + m33

2

t1 =

√
(m22−m33)2 + (m23 + m32)2

2

t2 = PL =

√
(m21)2 + (m31)2

t3 = qL =

√
(m42)2 + (m43)2

(3)

Here we use the MMT parameters formulas according to a previous study [15], in which t2 and
t3 are represented as PL and qL. Each MMT parameter is calculated using a group of Mueller matrix
elements, while the MMPD parameters are obtained from a relatively complex decomposition process
of all 16 Mueller matrix elements. Hence, the calculation of the MMT parameters is faster than that
of the MMPD parameters [8]. Previous studies have shown that: (1) the MMT parameter b and the
MMPD parameter ∆ are both sensitive to the depolarization property of samples [6]; (2) for the MMT
method, both parameters t1 and t2 are sensitive to the anisotropy degree of scattering media, and t3 is an
indicator of birefringence of tissues [3]; (3) for the MMPD method, retardance R and diattenuation D are
both related to the anisotropy of samples. Besides, the orientation of anisotropic structures can also be
revealed using different Mueller matrix elements, as discussed in our previous study [30,31]. However,
a quantitative comparison between the MMT and MMPD methods is still needed to help select a
specific group of Mueller matrix derived parameters that are highly sensitive and computationally
applicable for different biomedical polarization measurement and imaging scenarios.

2.3. Monte Carlo Simulation and Evaluation Indicators

To compare the MMPD and MMT parameters quantitatively, in this study we use the Monte
Carlo (MC) simulation programs based on different models to track the interaction between
polarized photons and tissue microstructures [25–27]. Here in this study, the sphere model (SM)
is considered to be an effective simulation of isotropic tissues, whose characteristic features are
mainly reflected in depolarization [17]. In our previous work, the sphere-cylinder model (SCM) was
proposed to simulate the anisotropic tissues containing fibrous scatterers [25,27], whose anisotropic
structural features can be described approximately by the density, direction, and diameter of the
cylinders. The sphere-birefringence model (SBM) was used to simulate anisotropic tissues containing
birefringence effects [6–8,26], whose characteristic features can be described by the value and
orientation of birefringence. Based on the sphere-cylinder-birefringence model and the Monte Carlo
simulation program, we can generate the Mueller matrices of tissues with different structural features.
In our previous studies, we compared the MC simulated Mueller matrices with the corresponding
experimental Mueller matrix images. The results shown as Figures 4 and 8 in [26], Figures 6 and 7
in [25], Figures 2 and 3 in [32], and Figure 2 in [33] demonstrated that the MC simulation can be used
as a powerful tool to analyze the experimental Mueller matrix images of tissues quantitatively.

For biomedical imaging, the parameters are required to have a high image contrast and a good
correlation with the changes in characteristic structural features of tissues. Here we introduce two
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evaluation indicators to clarify the relationship between the parameters and tissue properties, shown
as Equation (4):

T =
ymax − ymin

ycodomain

r2 =
(∑ xiyi)

2

∑ xi
2 ∑ yi

2

(4)

T represents the variation range normalized by the codomain of a certain parameter (represented
by y) as a certain structural feature varies. A larger value of T means a better image contrast for that
polarization parameter; r2, whose codomain is [0,1], is a coefficient of determination, which is the
square of the correlation coefficient between a parameter (represented by y) and a structural feature
(represented by x). A larger value of r2 means a better linear relationship between a parameter and a
structural feature. Thus, r2 can be used as an indicator to evaluate the sensitivity of a parameter to a
certain tissue characteristic feature.

3. Results and Discussion

3.1. Comparison between the Mueller Matrices of the Silk Phantom and GRIN Lens

To analyze the different effects of cylindrical scatterers and birefringence, we measured the
backscattering 2D Mueller matrix of the silk phantom and the transmission 2D Mueller matrix of the
birefringent GRIN lens, as shown in Figure 2a,b. It can be observed from the experimental results that
the upper left 3 × 3 elements of the silk phantom represent periodic intensity variations, while for the
GRIN lens similar periodic variations are observed for the lower right 3 × 3 elements. To show the
relationship between the intensity variation of each element and the anisotropy orientation (alignment
of cylinders or fast axis of birefringence), we plot their azimuthally dependent curves in Figure 2c,d.
We choose the element values from the range of radii as 0.42 cm to 0.54 cm for silk phantom curves
and 0.8 mm to 0.9 mm for GRIN lens curves.

It can be concluded from Figure 2c,d that: (1) For both the silk phantom and the GRIN lens,
the middle four elements m22, m33, m23, and m32 have very similar characteristics. As the anisotropy
axes change from 0 to 2π, the m22 and m33 elements show cosinusoidal variations, while the m23 and
m32 elements represent sinusoidal changes. Also we observe that the middle elements have 4 periods
in (0, 2π). The main difference of the middle four elements between the silk phantom and GRIN lens
is that the m22 and m33 shown in Figure 2c have a DC offset compared to Figure 2d. This means
that the cylindrical scattering and birefringence result in a similar periodic intensity change for these
elements, however, the scattering of the silk phantom also induces depolarization, which results in the
DC offset to the diagonal elements; (2) for the silk phantom, the upper left m12, m13, m21, and m31
elements show two periods in (0, 2π), indicating that cylindrical scatterers cause diattenuation; (3) for
the GRIN lens, the lower right m24, m34, m42, and m43 elements represent a similar variation as for
the upper left elements of the silk phantom. More precisely, the m12 and m21 for the silk phantom and
the m34 andm43 elements for the GRIN lens have cosinusoidal forms, while the m13 and m31 for the
silk phantom and the m24, m42 elements for the GRIN lens show sinusoidal forms.

In summary, Figure 2 shows that the different origins of anisotropy have different effects on
Mueller matrix elements. The anisotropy originated from cylindrical scatterers mainly results in the
periodic intensity variations of the upper left 3 × 3 elements of Mueller matrix, while the anisotropy
originated from birefringence mainly leads to the periodic intensity variations of the lower right 3 × 3
elements of Mueller matrix [3,6]. By analyzing different groups of elements, the anisotropic scattering
and birefringence may be distinguished.

The Mueller matrix derived parameters of the silk phantom and the GRIN lens are shown
in Figure 3a,b. We can see from Figure 3a that the structural properties of the silk phantom are
mainly reflected in the parameters ∆, b, t1, and t2, or in other words the depolarization and the
diattenuation. The values of retardance related parameters δ, t3 are close to zero, which confirms
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that the linear retardance induced by cylindrical scatterers is very limited. It should be noticed that
there is some radial non-uniformity in Figure 3a due to the oblique incidence of the illuminating light
in backscattering measurements. Simulations have shown that the non-uniformity decreases as the
oblique incident angle is reduced [34]. As shown in Figure 3b, the birefringence of the GRIN lens is
mainly reflected in the parameters δ, t1, and t3. Moreover, the small value of ∆ and the large value of b
demonstrate that the depolarization of the GRIN lens is very limited. It can be concluded that the effect
of anisotropic scattering is mainly reflected in parameters t1, t2, and D, while the effect of birefringence
can be detected by parameters t1, t3, and δ. However, for biomedical applications, further quantitative
comparisons between these different groups of parameters are needed for: (1) t1, t2, and D; (2) t1, t3,
and δ; and (3) ∆ and b.
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Figure 2. (a) A 2D backscattering Mueller matrix image of silk phantom. The color code for m12, m13,
m21, and m31 is from −0.1 to 0.1. The color code for m23 and m32 is from −0.2 to 0.2. The color
code for other elements is from −1 to 1. (b) A 2D transmission Mueller matrix image of birefringent
gradient-index (GRIN) lens. The color code for all 16 elements is from −1 to 1. Azimuthal dependent
curves of the Mueller matrix elements for (c) the silk phantom and (d) the GRIN lens. All the Mueller
matrix elements are normalized by m11.
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Figure 3. Mueller matrix derived parameters of the samples: (a) Mueller matrix polar decomposition
(MMPD) and Mueller matrix transformation (MMT) parameters of the silk phantom. (b) MMPD and
MMT parameters of the GRIN lens. Since the m14 values for both samples are close to 0 (Figure 2a–d),
the images of D (not shown) and t2 are almost the same.

3.2. Parameters for Depolarizing Isotropic Tissues

Firstly, we compare the MMPD parameter ∆ and the MMT parameter b for an isotropic
scattering medium—assumed to be mainly composed of cells of different sizes—using MC simulation.
Pathological changes result in variation in the characteristic features of cells, and our previous studies
have demonstrated that isotropic tissues, such as human skin basal cell carcinoma samples, can be
approximately described by a bi-component spherical scattering model, in which the large spheres
represent cell nuclei, while the small ones mimic organelles [17]. In the absence of fibrous structures,
changes are mainly reflected in depolarization rather than retardance and diattenuation. Here we use
the sphere model (SM) with no birefringence and the two evaluation indicators proposed in Section 2.3
to compare ∆ and b for isotropic scattering media. The simulation parameters are set approximately
according to real tissues: the large and small spheres have 4 µm diameter and 0.2 µm diameter,
respectively. We analyze isotropic media with three different large-small sphere ratios of 1:4, 1:1, 4:1,
and the total scattering coefficient (total µs) is set from 50 cm−1 to 450 cm−1. The refractive indices of
large and small spheres are both 1.45. The refractive index of interstitial medium is 1.33 [35,36].

We can observe from Figure 4a,b that as the scattering coefficient increases, the curves of ∆
and b have contrary trends, confirming that ∆ and b are correlated to depolarization positively and
negatively, respectively. For any µs, the tissue with a 1:4 large-small sphere ratio has the most prominent
depolarization (the largest ∆ and the smallest b). From Figure 4c it is observed that a larger large-small
sphere ratio means a smaller T. These simulation results (Figure 4a–c) demonstrate that changes in
number of small spheres (organelles) is the main factor leading to the depolarization image contrast for
isotropic tissues, which is consistent with our previous observations [17]. It can also be observed from
Figure 4c that for depolarizing samples, the MMPD parameter ∆ has a slightly better image contrast
than the MMT parameter b. Moreover, it can be seen from Figure 4d that the r2 of ∆ and b are almost
equal to 1, which means they are strongly related to proliferation of particles. The similar characteristic
features of the evaluation indicators T and r2 shown in Figure 4c,d reveal that the MMPD parameter ∆
and the MMT parameter b can both be used to obtain the depolarization information.
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3.3. Parameters for Anisotropic Tissues with Cylindrical Scatterers

As discussed above, the anisotropic properties of tissues may come from cylindrical scatterers
or birefringence. Here we use the sphere-cylinder model (SCM) to simulate the interactions between
polarized photons and cylinders.

To simulate the process of fibrosis, the proportion of the cylindrical scatterers was varied from 0
to 100%, while the alignment of fibers did not change. The total scattering coefficients of the spherical
and cylindrical scatterers were set as 50 cm−1, 210 cm−1, and 350 cm−1. The diameters of the spheres
and cylinders are both 1.5 µm [37]. The refractive index of the interstitial medium is 1.33. As shown in
Figure 5a,b, both the MMPD parameter D and the MMT parameter t2 have good linear correlations
with the increase in cylindrical scatterers, whereas the variation in MMPD parameter δ and MMT
parameter t3 are very limited. Also, the r2 values of the parameters D and t2 are both close to 1,
as shown in Figure 5d, confirming a strong relationship between the cylindrical scatterers and these
two parameters (D and t2). Moreover, it can be noticed that for different total scattering coefficients,
the values of D and t2 are almost the same, indicating that the proportion of cylindrical scatterers
is the main contribution to the image contrast of these parameters. In addition, the expression of
parameter t2 is very similar to that of parameter D, which additionally takes into account the m14
element. However, the m14 is often very small for tissues. Therefore, the T and r2 values are almost
the same as shown in Figure 5c,d. The MC simulation results demonstrate that the effect of cylindrical
scatterers can be detected using the diattenuation related parameters D and t2, which is in consistent
with the observations of the 2D Mueller matrix images above (Figure 3).
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3.4. Parameters for Anisotropic Tissues with Birefringence

The sphere-birefringence model was adapted to simulate tissues whose anisotropy mainly comes
from birefringence. Recently, we have found that the value of linear retardance can be used to detect
various abnormal tissues, such as cervical cancer [6], liver cirrhosis [8] and breast cancer [23]. The
pathological fibrosis can result in an increase of birefringence in tissues, leading to image contrast of
the Mueller matrix derived parameters between normal and abnormal areas. Here the birefringence
(∆n) is changed from 0 to 0.004 [38]. The diameters of small and large spheres are 0.2 µm and 4 µm,
respectively. The scattering coefficient ratio between the large and small spheres is 1:4. The total
scattering coefficient is 125 cm−1. The refractive index of the interstitial medium is 1.33.

It can be seen from Figure 6a,b that as ∆n increases from 0 to 0.004, the MMPD parameter δ and
the MMT parameter t3 increase monotonically in both the forward and backward scattering directions,
whereas the parameters D and t2 are close to zero. This phenomenon is consistent with what we
observed in the images of GRIN lens parameters (Figure 3b), indicating the parameters δ and t3 are
correlated to birefringence. More details can be found in Figure 6c that show that in the forward
direction, the T value of t3 is much larger than that of δ. This means that in the forward direction the
MMT parameter t3 is a better indicator of birefringence than the MMPD parameter δ. It is shown in
Figure 6d that the r2 values of δ in both the forward and backward directions are closer to 1 than that
of t3, indicating that the MMPD parameter δ has a better correlation with birefringence changes in
tissues. In general, both the MMPD parameter δ and the MMT parameter t3 have potential to detect
birefringence features in tissues. In transmission, when the image contrast is primarily considered,
using t3 may achieve a better result, while parameter δ should be chosen to obtain a better correlation
with tissue birefringence.
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Figure 6. MC simulation results of a sphere-birefringence model in both forward and backward
scattering directions: (a) MMPD parameters D and δ. (b) MMT parameter t2 and t3. (c) T of δ and t3;
the codomain of δ is [0, π]; the codomain of t3 is [0,1]. (d) The r2 of δ and t3.

To further test the conclusions above, we measured the Mueller matrix derived parameters of
tissues samples: (1) ex vivo porcine colon tissue (imaged from serosa side) in reflection geometry,
and (2) a human breast carcinoma tissue section in transmission direction. The images of Mueller
matrix parameters are shown in Figure 7. It can be observed from the experimental results that: (1)
Figure 7a shows relatively high values for parameters ∆ and b (the value of ∆ is in (0.7, 1), the value of b
is in (0, 0.3)), and lower values for the other parameters. This confirms that for bulk tissues with strong
depolarization, the tissue properties can be observed by the Mueller matrix derived parameters ∆ and
b; (2) in Figure 7b, for the human breast invasive ductal carcinoma section, the fibrous hyperplasia leads
to an increase in the birefringence as seen in a previous study [23], thus the images of retardance related
parameters δ, t3 contrast the fibrous structures. More specifically, the image contrast of parameter t3 is
better than that of parameter δ, which is consistent with the simulation result in Figure 6c. However,
the images of parameters D and t2 have barely noticeable textures, meaning that the fibrosis structures
may cause little diattenuation in tissues and these two parameters (D and t2) may not be suitable for
detecting fibrosis for thin tissue slices. Additionally, because of the limited scattering, the value of
parameter ∆ is almost 0 and the value of b is close to 1.
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Figure 7. Mueller matrix derived parameters of: (a) ex vivo porcine colon tissue; all the color scales
are set to 0.3 times the codomains of the parameters. It should be noticed that there are areas with
abnormally small values of ∆ and large values of b, which result from the specular reflection induced
pixel saturation. (b) Human breast invasive ductal carcinoma tissue: 12 µm-thick, unstained, and
dewaxed; all the color scales are 0.2 times the codomains of the parameters.

In the MC simulation results shown in Figure 6c, it can be found that the T value of t3 (Tt3) is
larger than that of δ (Tδ). In order to test whether the result above is stable or not for different tissues,
we measured the transmission Mueller matrices of 90 human pathological tissue slices: 30 Crohn
disease tissue samples, 30 intestinal tuberculosis tissue samples, and 30 breast ductal carcinoma tissue
samples. We then compared the T values of the parameters δ and t3, as shown in Figure 8. All the
Crohn disease tissues (red circles), intestinal tuberculosis tissues (blue asterisks), and breast carcinoma
tissues (green triangles) have prominent fibrosis structures. It can be seen from Figure 8 that the T
values of t3 are about 2.8 times larger than those of δ, confirming that the image contrast of parameter
t3 is better than that of parameter δ. The coefficients of determination r2 of the T values between
δ and t3 for three types of tissues are 0.994, 0.932, and 0.973, respectively, indicating the significant
linear correlations.
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Figure 8. Comparison between Tδ: T values of the MMPD parameter δ, and Tt3: T values of the MMT
parameter t3 for 90 human pathological tissue slices. X-axis: Tδ. Y-axis: Tt3. Red circles: Crohn-Crohn
disease tissues. Blue asterisks: intestine-intestinal tuberculosis tissues. Green triangles: breast-breast
carcinoma tissues.

In summary, for imaging anisotropic tissue slices in transmission and detection of the retardance
related parameters δ, t3 has the potential to reveal dysplasia or cancer induced birefringence change
quantitatively. Besides, we used the MATLAB tic-toc function to count the computing time of Mueller
matrix-derived parameters used in this study, showing that the MMT method is ten times faster than
the MMPD method (0.0016 s versus 0.0179 s for 160 Mueller matrices) under the same hardware
condition (2.5 GHz Intel® CoreTM i7, MATLAB 2014).

4. Conclusions

Here we compared different Mueller matrix-derived parameters focusing on their quantitative
characterization capabilities of tissue properties, especially the depolarization and anisotropy.
We used a silk phantom and a birefringent gradient-index lens to reveal the distinct effects of
cylindrical scatterers and birefringence on different Mueller matrix elements. Then, based on the
sphere-cylinder-birefringence model and the Monte Carlo simulation program, we generated the
Mueller matrices of different tissue models, and calculated their corresponding MMPD and MMT
parameters. Using two indicators, we evaluated the characterization capabilities of these parameters
quantitatively. The preliminary imaging results of porcine colon tissues and thin human pathological
tissue slides demonstrated the potential of Mueller matrix transformation parameters as biomedical
diagnostic indicators. Also, this study provides quantitative criteria for parameters selection in
biomedical Mueller matrix imaging.
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