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Abstract. Polarization measurements are sensitive to the microstructure of tissues and can be used to detect
pathological changes. Many tissues contain anisotropic fibrous structures. We obtain the local orientation of
aligned fibrous scatterers using different groups of the backscattering Mueller matrix elements. Experiments on
concentrically well-aligned silk fibers and unstained human papillary thyroid carcinoma tissues show that the
m22, m33, m23, and m32 elements have better contrast but higher degeneracy for the extraction of orientation
angles. The m12 and m13 elements show lower contrast, but allow us to determine the orientation angle for the
fibrous scatterers along all directions. Moreover, Monte Carlo simulations based on the sphere-cylinder scatter-
ing model indicate that the oblique incidence of the illumination beam introduces some errors in the orientation
angles obtained by both methods. Mapping the local orientation of anisotropic tissues may not only provide
information on pathological changes, but can also give new leads to reduce the orientation dependence of polari-
zation measurements. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or repro-

duction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.19.10.106007]
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1 Introduction
Polarization imaging techniques have shown potentials in medi-
cal diagnosis.1 For instance, degree of polarization (DOP) and
difference polarization imaging methods have been used for the
detection of cancerous skin tissues.2,3 Mueller matrix contains
rich information on the scattering media,4,5 therefore is also used
to obtain the microstructural information on superficial biologi-
cal tissues, such as the sizes and shapes of cells and their intra-
cellular structures.6–8 Because the polarization states of the
scattered light are more sensitive to the subwavelength “small”
scatterers,8,9 polarization measurements are capable of detecting
the cancer-induced crowded organelles in isotropic tissue
samples.10 The experimental results on human colon, cervix,
and skin cancerous tissues indicated that the backscattering
Mueller matrix may serve as a noninvasive tool for cancer diag-
nosis.11–13 Many tissues contain aligned anisotropic fibrous
microstructures, such as the collagen and elastin fibers in
epithelial tissues, muscle fibers in cardiac and skeletal muscle
tissues. Changes of these fibrous structures can also be charac-
terized by polarization sensitive measurements.14 However,
many studies have shown that the parameters related to linear
polarization measurements such as the DOP and the majority
of Mueller matrix elements may change significantly when
the fibrous samples take different orientations.15,16 Such “sample
orientation dependence” for polarization sensitive measurements

can seriously affect any efforts to quantitatively characterize the
microstructure of the anisotropic samples.17

In a previous study, we have shown that the sample orienta-
tion dependence can be effectively reduced using a group of new
polarization parameters obtained from Mueller matrix transfor-
mation (MMT) methods.9,17 These polarization parameters, A
and b, are functions of the Mueller matrix elements but are not
sensitive to the orientation of the fibrous structure. The MMT
method also allows us to extract information on the orientations
of fibers.9 Accurately mapping the orientations of the aligned
fibers is not only important for characterizing the microstructure
of the anisotropic sample, but also necessary for calculating, and
later removing, the sample orientation dependence of the
Mueller matrix elements.

In this paper, we propose a quantitative technique to deter-
mine the orientation of aligned fibrous scatterers. By conducting
both the experiments on silk phantom and Monte Carlo (MC)
simulations based on the sphere-cylinder scattering model
(SCSM),18 we calculate the orientation axis parameters from dif-
ferent groups of Mueller matrix elements. We also compare the
effective ranges and signal-to-noise ratios of the parameters, and
testify their possible applications for biological tissues. The
experimental results of unstained human papillary thyroid car-
cinoma (PTC) tissues show that, by measuring different groups
of Mueller matrix elements, we can extract the orientation axis
parameters. Because many pathological changes affect the well-
aligned structures for tissues, the parameters can be used as
potential tools in clinical applications for diagnosis purposes.
Moreover, using the angle axis information we can separate the*Address all correspondence to: Hui Ma, E-mail: mahui@tsinghua.edu.cn
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orientation influence of samples from the polarization measure-
ments including Mueller matrix imaging. Thus the orientation-
independent Mueller matrix elements can reflect the intrinsic
microstructural characteristic features of tissue samples.

2 Methods and Materials

2.1 Experimental Setup

The experimental setup and the well-aligned silk sample are
shown in Figs. 1(a) and 1(b). In this paper, we use a typical
backscattering configuration for Mueller matrix measure-
ments.15 The polarized light source consists of a light-emitting
diode (1 W, center wavelength 630 nm, Δλ ¼ 10 nm) and a set
of linear polarizer (P1, extinction ratio 500∶1, Daheng Optics,
Beijing, China) and quarter-wave plate (QW1, Daheng Optics),
which control the polarization states of the beam. The incident
light illuminates the sample at a 20 deg oblique angle.
Backscattered photons from the 1.8-cm diameter illuminated
area pass through another set of quarter-wave plate (QW2,
Daheng Optics) and linear polarizer (P2, extinction ratio 500∶1,
Daheng Optics), then are recorded by a 12-bit CCD camera.
Before experiments, we calibrated the experimental setup
using standard samples with known Mueller matrices, such as
the polystyrene microspheres suspended in water. Calibrations
show that the maximum errors for the absolute values of all the
Mueller matrix elements are about 0.01. In this experiment, we
choose six polarization states for the incident light, then measure
six corresponding polarization components of the backscattered
light. The Mueller matrix elements are calculated from the 36
measurements following a procedure as shown in Ref. 15.

2.2 Materials and MC Simulations

In order to reveal the relationship between the Mueller matrix
elements and the orientation of fibrous scatterers, we used spe-
cifically designed highly anisotropic fibrous samples as shown
in Fig. 1(b). The sample consists of concentrically well-aligned
fibrous silk strands (zone 1), which are wound around the plat-
form (zone 2) of a metal spacer with a hole at the center (zone 3).
In our previous studies, we approximated the silk fibers as

cylindrical scatterers using the SCSM.18,19 The circularly
aligned silk sample helps us to analyze the Mueller matrices
for fibrous scatterers along all directions in the X-Y plane in
one measurement. For a deeper understanding on the compli-
cated relationship between the Mueller matrix elements and the
microstructure of the scattering medium, we also carried out the
MC simulations based on the SCSM. The detailed information
on the SCSM, the MC simulation program, and parameters
can be found in Ref. 18. The parameters are: the diameter of
the cylindrical scatterers corresponding to the substructure of
the silk fibers is 1.5 μm, and the fluctuation of fiber orientation
follows a Gaussian distribution of 20 deg full width at half
maximum (FWHM). The refractive indices for the silk fiber
and surrounding media are 1.59 and 1, respectively. For the
well-aligned silk layer (zone 1), its thickness and scattering
coefficient are 0.5 cm and 70 cm−1, respectively. During the
experiments, to ensure a flat imaging surface, we placed a piece
of glass plate onto the samples. Comparisons of the Mueller
matrices for samples with and without the glass plate proved
that the influence of the glass plate to the measurements is
within the experimental error.

Considering potential biomedical applications, we also
conducted measurements using histological sections of human
PTC samples that are provided by Shenzhen Sixth People’s
(Nanshan) Hospital.20 The fresh PTC cancerous tissue samples
were cut into pieces of a few millimeters thick, fixed in formalin,
dehydrated, and embedded in paraffin. Then a nonstained
28-μm thick section is prepared with a microtome as the sample
for the backscattering Mueller matrix imaging experiments.
From the same paraffin block, a 4-μm thick section was also cut,
rehydrated, and stained to make a standard histological plate.
Figures 2(a) and 2(b) show the photographs of the unstained
28-μm thick paraffin slices of the PTC tissues, the red circles
identify the Mueller matrix imaging areas, and the blue
rectangles show the approximated microscope imaging areas.
Figures 2(c) and 2(d) show the microscope images of the cor-
responding hematoxylin and eosin (H–E) stained 4-μm thick
paraffin slices from the same PTC tissue samples. Using these
samples, we are able to compare directly the polarization images
with the microscope images of the H–E stained PTC histological
sections. Some pathological studies of the PTC tissues reveal
that, during the development for the papillary carcinoma cells,
it is sometimes accompanied by inflammatory reactions, which
can result in fibrosis formations in the surrounding tissues.20

We can observe in Figs. 2(c) and 2(d) that there are fibers around
the PTC cancerous cells.

2.3 Calculation of the Orientation Axis of the Fibers

Both experiments and simulations have shown that for a sample
containing fibrous scatterers along a particular direction, as we
rotate the sample, therefore, change the orientation of cylindrical
scatterers, some of the Mueller matrix elements display periodic
intensity variations. In both the experiments and MC simula-
tions, it has been concluded that as the direction of the fibrous
structures varies from 0 to 360 deg, the m22, m23, m32, and
m33 elements repeat four times, whereas the m12, m13, m21,
and m31 repeat only twice. A closer examination of both the
experimental and simulated results reveals that, for normal inci-
dences, them12,m21,m13,m31,m22,m33,m23, andm32 can
be fitted to trigonometric forms as shown in Eq. (1).15 There are
three independent parameters that can be extracted from Eq. (1):
t [t1 or t2 shown in Eq. (2)] is related to the amplitude of the

Fig. 1 (a) Schematic of the backscattering Mueller matrix experimen-
tal setup. L, lens; P, polarizer; and QW, quarter-wave plate. The polar-
ized light illuminates the sample at about 20 deg to the normal to
minimize the surface reflection effects. The diameter of the illumina-
tion area from the light-emitting diode is about 1.8 cm, (b) schematic of
the silk sample: zone 1 corresponds to the concentrically well-aligned
silk fibers. The outer diameter of zone 1 is 1 cm; its thickness is
0.5 cm; and the scattering coefficient is 70 cm−1. The diameter of the
silk fiber is taken as 1.5 μm. Zone 2 is a metal spacer with a hole at
the center. To ensure a flat imaging surface, a piece of glass plate is
placed onto the sample.
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trigonometric curves or the magnitude of anisotropy for the sam-
ples, b [shown in Eq. (3)] is related to an offset that can be
affected by both the structure and density of the scatterers,
and x represents the direction of the fibrous structure. There
are two ways to obtain x from the Mueller matrix using either
Eqs. (4) or (5). However, x extracted from Eqs. (4) or (5) has
four or two periods in a π range, and therefore allows us to deter-
mine the alignment angles in a π∕4 range and π∕2 range, respec-
tively. To determine the orientation angle in a π range, we can
combine Eq. (5) with a positive or negative value of the m13

element (or other Mueller matrix elements) as a determination
condition [shown in Eq. (6)]. Therefore, by measuring the m12

and m13 elements, we can calculate the orientation of the
aligned fibrous microstructures

8<
:

m22¼ t1 cos 4xþb
m33¼−t1 cos 4xþ b
m23¼m32¼ t1 sin 4x

�
m12¼m21¼ t2 cos 2x
m13¼m31¼ t2 sin 2x

; (1)

(
t1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm22−m33Þ2þðm23þm32Þ2

p
2

t2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m122 þm132

p ; (2)

b ¼ m22þm33

2
; (3)

tanð4xÞ ¼ m23þm32

m22 −m33
; (4)

tanð2xÞ ¼ m13

m12
; (5)

x ∈
� ½0; π

2
� if ðm13 ≥ 0Þ

ðπ
2
; πÞ if ðm13 < 0Þ : (6)

3 Results and Discussion
Figure 3 shows the experimental backscattering Mueller matrix
of the concentrically well-aligned silk fibers. Actually in this
paper, we design the silk phantom consisting of fibers wound
around a core to show Mueller matrix elements of fibrous scat-
terers at all angles of orientation instead of rotating the silk fibers
from 0 to 360 deg. It can be observed from Fig. 3 that many
matrix elements, the m12, m13, m31, m21, m22, m33, m23,
and m32, display prominent periodical variations that can be
fitted to trigonometric functions of azimuth angle.9 It should
be pointed out that for anisotropic scattering media with strong
birefringence, Mueller matrix elements in the fourth row and
fourth column also show periodical intensity changes as the
azimuth angle varies. For the cylindrical scattering dominated
silk fibers, the anisotropy is mostly represented in the m12,
m13, m21, m31, m23, m32, m22, and m33 elements. For
the media containing strong optical birefringence, however,
the anisotropy is mostly represented in the m24, m42, m34, and
m43 elements.21

Figure 4 shows the experimental results of parameter x
for the same concentrically aligned silk sample but calculated
from different Mueller matrix elements using Eqs. (4) or (5).
Figures 4(a) and 4(b) confirm that the parameter x extracted

Fig. 2 (a) and (b) The 28-μm thick slices of unstained human papillary thyroid carcinoma (PTC) tissues,
the red circles show the Mueller matrix imaging areas (diameter 1 cm), the blue rectangles show
the approximated microscope imaging areas in 2(c) and 2(d), (c) and (d) microscope images of the
corresponding H–E stained PTC tissues (1.7 mm × 1.3 mm). The yellow rectangles show the fibers
surrounding the PTC cancerous cells, which are indicated by the black circles.
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Fig. 3 Experimental results of backscattering Mueller matrix for the concentrically well-aligned silk sam-
ple shown in Fig. 1(b). The m11 is normalized by its maximum value, and other Mueller matrix elements
are normalized by the m11. For better visual effects, the color codes are from −1 to 1 for the m11, m22,
m33, and m44, from −0.5 to 0.5 for the m23 and m32, and from −0.1 to 0.1 for other elements. As the
azimuth angle of the silk fibers varies from 0 to π, the elements show prominent periodical intensity
variations.

Fig. 4 Experimental results of the parameter x for concentrically aligned silk sample shown in Fig. 1(b):
(a) parameter x extracted from Eq. (4), the color code is from −22.5 to 22.5 deg; (b) parameter x
extracted from Eq. (5), the color code is from −45 to 45 deg; (c) considering a positive or negative
value for the m13 element as a determination condition, the parameter x can be expanded to a full
π range by using Eqs. (5) and (6), the color code is from 0 to 180 deg.
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from Eqs. (4) and (5) has eight and four periods in a 2π range,
respectively. For instance, in Fig. 4(a), the silk fibers distributed
along θ þ nπ∕4 directions cannot be distinguished, whereas in
Fig. 4(b), the silk fibers distributed along θ þ nπ∕2 directions
show the same color codes. As mentioned above, to distinguish
the fibrous structures in a full π range, we consider the sign of
them13 element as a determination condition. The experimental
result shown in Fig. 4(c) is calculated using Eqs. (5) and (6). We
can conclude that the parameter x determined by Eqs. (5) and (6)
represents the orientation angle of the aligned fiber in the X-Y
plane. The experimental results also testify that we can extract
an orientation angle information from different groups of
Mueller matrix elements. The m22, m23, m32, and m33 ele-
ments have larger amplitude values compared with other ele-
ments and can be measured more precisely. The orientation
angles determined by these elements have better immunity to
noises. We may use different groups of Mueller matrix elements
for different purposes. For instance, in order to extract more
accurate information, we may first use the noisy m12, m13,
m21, and m31 elements for coarse estimations of the fiber ori-
entation in full range, then use the m22, m23, m32, and m33
elements, which have smaller periods but better signal-to-noise

ratio, to refine the coarse estimations of the fiber orientation
more accurately.

For more detailed examinations of the relationships between
parameter x and the orientation distributions of the aligned
fibers, we conduct MC simulations based on the SCSM using
parameters listed in Sec. 2.3. In the simulations, the directions of
the cylindrical scatterers fluctuate around an orientation angle in
three-dimensional space following a Gaussian distribution of
20 deg FWHM, and the orientation angle takes different values
between 0 and 360 deg in the X-Y plane. The experimental data
are the average values calculated for all the silk fibers in zone 1.
Figure 5 shows the comparisons between MC simulated (red
dashed lines for normal incidence and black circles for 20 deg
oblique incidence) and experimental (blue solid lines) results for
the silk fibers along the different azimuth directions. As shown
in Fig. 5(a), Eq. (5) can only be used to discriminate fibers in a
π∕2 range. Figure 5(b) shows that combined with Eq. (6), the
m12 andm13 elements can be used to distinguish fibers in a full
π range. The results show clearly that the MC simulations regen-
erate the dominant features of the experiments, but there are con-
sistent discrepancies between experimental measurement (blue
lines) and the MC simulated results at a normal incidence (red
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Fig. 5 Comparisons between Monte Carlo (MC) simulated (red dashed lines for normal incidence,
black circles for 20 deg oblique incidence) and experimental (blue solid lines) results of the parameter
x for cylindrical scatterers along different directions. (a) The angles are calculated by Eq. (5); (b) the
angles are calculated by Eqs. (5) and (6). The MC simulations regenerate the dominant features of the
experiments. It should be noticed that the oblique incidences of illumination have influence on the values
of parameter x .
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lines). More simulations corresponding to different incident
angles of the illumination beam reveal that this discrepancy
comes from the 20 deg oblique incidence of the current exper-
imental setup (shown as black circles).

Biological tissues contain rich fibrous microstructures, such
as the collagen and elastin fibers. Many pathological processes
are associated with the changes of the aligned fibrous micro-
structures. Mapping the orientation angles can provide structural
information for biomedical diagnosis purposes. In order to
verify the potential applications of the parameter x, we measured
the backscattering Mueller matrices of human PTC tissues as
shown in Fig. 6. The imaging sample is a 28-μm thick slice of
unstained cancerous tissue, which shows no distinctive features
when examined using both transmission and reflection micro-
scopes. Pathological diagnosis using the corresponding 4 μm
H–E stained slice confirmed that the samples are human PTC
tissues, and the imaging areas are marked as the red circles in
Figs. 2(a) and 2(b). Pathological studies of the H–E stained sli-
ces also reveal that, during the early stage of development,
the PTC cells sometimes are accompanied by inflammatory
reactions and result in fibrosis formations in the surrounding
tissues.20 These fibrosis tissues often display well-ordered align-
ments as shown in Figs. 2(c) and 2(d), and thus larger anisotropy
degree compared with the normal thyroid tissues. Figures 7(a)
and 7(b) show the parameter x imaging results calculated from
Eqs. (4) and (5) for the PTC sample as shown in Fig. 2(a).

Figure 7(c) is the result expanded to a full π range by using
Eq. (6). In Fig. 7, the direction changes of fibrosis can be
observed clearly. The changes of the parameter x show that the
fibrosis structures surrounding the cancerous cells to form a cir-
cular area. Figures 8(a) and 8(b) show the parameter x imaging
results for the PTC sample as shown in Fig. 2(b) calculated from
Eqs. (4) and (5), respectively. Figure 8(c) is the result expanded
to a full π range by using Eq. (6). The pathological microscope
image shown in Fig. 2(d) confirms the fibers existing in this
sample. It can be observed from Figs. 7 and 8 that the parameter
x can be used as a clear indicator for these cancer-related fibers.
Moreover, the results shown in Figs. 7(a) and 8(a) also confirm
that although with a higher degeneracy the parameter x deter-
mined by the m22, m23, m32, and m33 elements can be mea-
sured more precisely. Recent studies have testified that, besides
the PTC tissues, some other human cancerous tissues such as the
cervical carcinoma in different stages also show characteristic
structural changes in the fibrous alignments. Preliminary studies
on biological tissues have shown that the parameters proposed in
this paper can also be applied to intact tissue specimen. The ori-
entation-related parameter x extracted from the Mueller matrix
elements therefore have potential ability for biomedical pur-
poses including cancer detections. Moreover, the MMT method
can be combined with the polarized-light microscope to provide
more microstructural information of tissue samples, such as the
depolarization, birefringence, and densities of small scatterers.

Fig. 6 Experimental results of backscattering Mueller matrix for the unstained PTC sample shown as
the red circle area in Fig. 2(a). The m11 is normalized by its maximum value, and other Mueller matrix
elements are normalized by them11. The color codes are from −1 to 1 for them11,m22,m33, andm44,
and from −0.1 to 0.1 for other elements.
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The Mueller matrix microscope can be used as a powerful tool
for quantitative biomedical diagnosis.

4 Conclusion
Angular distributions are important information for biomedical
studies. In this paper, we propose a quantitative analysis tech-
nique based on backscattering Mueller matrix for mapping
the local orientation axis of aligned fibrous scatterers. By con-
ducting both the experiments on concentrically well-aligned
silk fibers and MC simulation based on the SCSM, we extract
orientation parameters from different groups of the backscatter-
ing Mueller matrix elements including the m12, m13, m22,
m23, m32, and m33. We find that among all the 16 Mueller
matrix elements, the m12 and m13 can be used to uniquely
determine the orientation axis in a full π range. The m22,
m23, m32, and m33 elements can only determine the axis of
fiber orientation in a narrower range. However, the m22, m23,
m32, andm33 elements can be measured more precisely, and the
angles determined by these elements have better immunity to
noises. Moreover, we testify the possible applications of these
parameters for human cancerous tissues. The experimental
results of unstained human PTC tissues testify that, by measur-
ing the m12 and m13 elements, we can show the alignment

directions of fibrous microstructures. We also find that one
may use the m12, m13, m21, and m31 elements for coarse esti-
mations of the fiber orientation, then use the m22, m23, m32,
and m33, which have smaller periods and better signal-to-noise
ratio, for more accurate measurements. Because many patho-
logical changes affect the well-aligned fibrous structures of
tissues, mapping the local orientation of the fibrous tissues can
serve as a potential tool for clinical diagnosis purposes. Both the
experimental and MC simulated results show the possibilities to
separate the influence of orientation and oblique incidences
from the Mueller matrices. Thus the orientation-independent
Mueller matrix elements can reflect the intrinsic microstructural
characteristic features of tissues. Combining with other MMT
parameters, we can distinguish the characteristic features of
fibers in abnormal and healthy tissues.
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Fig. 7 Experimental results of the parameter x for the unstained PTC sample shown as the red circle
area in Fig. 2(a), the diameter of the imaging area is about 1 cm: (a) parameter x extracted from Eq. (4),
the color code is from −22.5 to 22.5 deg; (b) parameter x extracted from Eq. (5), the color code is from
−45 to 45 deg; (c) considering a positive or negative value for the m13 element as a determination con-
dition, the parameter x can be expanded to a full π range by using Eqs. (5) and (6), the color code is from
0 to 180 deg.

Fig. 8 Experimental results of the parameter x for the unstained PTC sample shown as the red circle
area in Fig. 2(b), the diameter of the imaging area is about 1 cm: (a) parameter x extracted from Eq. (4),
the color code is from −22.5 to 22.5 deg; (b) parameter x extracted from Eq. (5), the color code is from
−45 to 45 deg; (c) considering a positive or negative value for the m13 element as a determination con-
dition, the parameter x can be expanded to a full π range by using Eqs. (5) and (6), the color code is from
0 to 180 deg.
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