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Abstract. We obtained backscattering Mueller matrix images on a cancerous tissue sample through a gradient-
index (GRIN) lens and observed strong distortion in all the Mueller matrix elements. By measuring the intrinsic
polarization properties of the GRIN lens, which is dominated by birefringence following a radial profile, and apply-
ing a matrix inversion method to the distorted Mueller matrix, we are able to remove the artifacts because of the
birefringent GRIN lens and recover the polarization features of the sample. The results demonstrate the fea-
sibility to take Mueller matrix measurements using GRIN lenses or other optical components with strong bire-
fringence. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in
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1 Introduction
Various polarization imaging techniques have been reported in
recent years.1–12 Because the scattered polarized photons carry
rich information on the size, shape, and density of the scatterers
and the optical properties of both the scatterers and their ambient
media,8–11 the abundant polarization parameters allow more
detailed quantitative characterization of the micro- and macro-
structure and optical properties of the tissues, and provide new
information for medical doctors.7–9,12 It has been demonstrated
in many recent works that polarization imaging is potentially a
powerful tool in clinical diagnosis.9–12 However, polarization
imaging can be affected by the polarization properties of the
optical components, such as the intrinsic or stress-induced bire-
fringence in endoscopic lenses13 and the radially symmetric
phase retardance in antireflection-coated, molded aspheric
glass lenses.14 Recently, we obtained Mueller matrix images
on cancerous tissue samples through a gradient-index (GRIN)
lens and observed strong distortion in all the Mueller matrix ele-
ments. We have to characterize in detail the polarization proper-
ties of such optical components to remove the artifacts for a
reliable measurement.

A GRIN lens uses flat surfaces and a parabolic radial refrac-
tive index profile [Fig. 1(a)] to guide light with a cosine ray trace
[Fig. 1(c)], gaining advantages in terms of size, weight, and flex-
ibility15–17 for imaging systems such as miniaturized endo-
scopes.18–21 However, the fabrication process can introduce
an intrinsic birefringence along the radial direction of the
GRIN lens rod,22,23 as shown in Fig. 1(b). The birefringence
value is zero at the center of the lens, and its profile is radially
symmetric.

There are many works targeted on the Mueller matrix polar-
imetry with imperfect optical components.24,25 In this article, we
focus on removing the polarization artifacts in Mueller matrix
images recorded with a GRIN lens, and we discuss some impor-
tant points that we need to pay attention to. We characterize the
intrinsic polarization property of the GRIN lens by taking its
transmission Mueller matrix using a collimated beam and carry-
ing out the Mueller matrix polar decomposition (MMD),26 and
then apply an imaging restoration method based on matrix inver-
sion to eliminate the influence of the birefringent GRIN lens and
recover the true polarization properties of the sample. Although
the discussions are targeted to a GRIN lens, the conclusions
apply, in general, to the Mueller matrix polarimetry using
birefringent optical components. The results demonstrate the
feasibility of carrying on the Mueller matrix measurements
using GRIN lens or other birefringent optical components,
and the possibility of the Mueller matrix endoscopy for clinic
diagnosis.

2 Experimental Setup and Methods
As shown in Fig. 2(a), the polarization imaging system is a
typical setup for Mueller matrix measurements of arbitrary scat-
tering angles. For the backscattering Mueller matrix measure-
ments, the detection arm is rotated by θ [∼130 deg as shown
in Fig. 2(a)].

A light beam from a light-emitting diode source is
collimated and passes through a band-pass filter (Thorlabs,
Newton, New Jersey, Center × Wavelength ¼ 632.8 nm,
FWHM ¼ 3 nm). After a linear polarizer (Thorlabs, extinction
ratio >5000∶1) and a quarter wave plate (Thorlabs, zero-order
plate), the beam is set to six polarization states [horizontal linear
(H), vertical linear (V), 45 deg linear (P), 135 deg linear (M),
right circular (R), and left circular (L)] and then illuminates the
sample. The scattered light from the sample is collected by an*Address all correspondence to: Hui Ma, E-mail: mahui@tsinghua.edu.cn
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objective (LISS 5×) or a long-GRIN lens (as marked by the dot-
ted box A) and then passes a quarter wave plate and a polarizer
before being detected by the CCD (Q-imaging Retiga Exi, 12-
bit). For each incident polarization state (described as Stokes
vector S), the same six polarization components of the scattered
light (described as Stokes vector S 0) are detected by the ana-
lyzer, giving 36 images corresponding to different combinations

of the six incidence and detection polarization states. The
Mueller matrix, which transforms the incident polarized light
S into the scattered light S 0 as shown in Eq. (1) and describes
the polarization property of the sample, is calculated according
to Eq. (2).27

S 0 ¼ M � S; (1)

M ¼

2
6664

m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44

3
7775

¼ 1

2

2
6664

HHþ HVþ VHþ VV HHþ HV − VH − VV PHþ PV −MP −MM RHþ RV − LH − LV

HH − HVþ VH − VV HH − HV − VHþ VV PH − PV −MHþMV RH − RV − LHþ LV

HP − HMþ VP − VM HP − HM − VPþ VM PP − PM −MPþMM RP − RM − LPþ LM

HR − LLþ VR − RL HR − VRþ VL − HL PR −MRþML − PL RR − RL − LRþ LL

3
7775: (2)

Here each image is indexed by two capital letters: the first
letter represents the incidence polarization state and the second
letter represents the detection polarization state.27

To examine the influence of the GRIN lens, we switch the
imaging system between GRIN-lens and normal-lens modes by
placing a GRIN lens or an objective [NA ¼ 0.12, as marked by
the dotted box A in Fig. 2(a)] in the optical path to collect the
scattered light. The imaging resolutions of the GRIN-lens and
normal-lens imaging systems are limited by the optical systems
and the pixel size of the CCD. Measured with a USAF1951 res-
olution target, they are ∼11 and 8 μm, respectively. The working
distances for the normal-lens mode and the GRIN-lens mode are
∼25 and 5 mm, respectively. In this experiment, the transforma-
tion from the incident Stokes vector S to the detected Stokes
vector S 0 is determined by the polarization properties of the
sample and the imaging lens A. Concerning the possible influ-
ence of the imaging lens A on the Mueller matrix images, we
can study the inherent polarization properties of the imaging

lens A. Experiments have shown that the influences of the objec-
tive and the other normal lens assembly are negligible. However,
the influence of the GRIN lens is significant. The GRIN lens
comes from the imaging module of an endoscope (FEMTO
TECHNOLOGY CO. LTD, Xi'an, China). All the experimental
results in this article are obtained using the GRIN lens with
60 mm length, 2 mm diameter, and 0.17 NA [marked by a
red frame in Fig. 2(c)]. Other GRIN lenses in Fig. 2(c) are
also tested and give similar results.

The cancerous tissue sample shown in Fig. 3(a) is a 4-μm-
thick paraffin slice of hematoxylin-eosin (HE) stained human
skin basal cell carcinoma provided by Shenzhen Sixth
People’s (Nanshan) Hospital. In Fig. 3(a), the stained colors
of the dysplastic region are darker than that of the healthy tis-
sues. Pathological diagnosis identified that the dysplastic region
is the basal cell carcinoma tissue. Figure 3(b) shows the
unstained 28-μm-thick paraffin slice from the same biopsy sam-
ple archived in the hospital. Cancerous areas in Fig. 3(a) are
marked with a dashed frame. Because the two slices in
Figs. 3(a) and 3(b) are originally twins adjacent to each other,
the cancerous areas should look very similar.

3 Experiment Results and Mueller Matrix
Restoration

3.1 Mueller Matrix Imaging of the Sample Measured
with the Normal Lens

We first measure the Mueller matrix of the unstained slice sam-
ple using a normal microscope objective lens. This normal-lens
system has been calibrated against standard polarization optics,
such as quarter and half wave plates, to prove the reliability of
the Mueller matrix measurements of the sample. We use oblique
illumination and take the backward scattering Mueller matrix of
the cancerous tissue sample using the normal-lens mode
described in Sec. 2. As shown in Fig. 3(c), many Mueller matrix
elements display the clear margin between the normal and the
cancerous regions, which is also visible in the wide-field trans-
mission imaging for the HE stained sample [Fig. 3(a)] but not
for the unstained sample [Fig. 3(b)]. For comparison, the cancer

Fig. 1 (a) Schematic diagram of the refractive index distribution on
the cross-section of the gradient-index (GRIN) lens. (b) Schematic
diagram of the birefringence value and fast axis direction distribution
on the cross-section of GRIN lens. (c) Schematic imaging diagram of
a GRIN lens. AB is the object and A 0B 0 is the image.
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region in Fig. 3(a) is marked with dashed lines both in Figs. 3(b)
and 3(c) and in Figs. 4(a), 4(b), and 4(c). In Fig. 3(c), the region
derived from the Mueller matrix agrees roughly with the marked
region derived from Fig. 3(a). It should be noted that although
the HE stained slice and the unstained slice are adjacent to each
other, the cancer regions should look similar but not exactly the
same. Thus, it is acceptable if there are some differences
between the region derived from the Mueller matrix shown
in Fig. 3(c) and the marked region derived from Fig. 3(a).

3.2 Mueller Matrix of the Sample Measured with the
GRIN Lens

We replace the objective with the GRIN lens and take Mueller
matrix images of the same sample. Because of the difference in
magnification, the GRIN lens images a smaller area than the
objective lens, which is marked as the imaging area 2 in

Fig. 3(c). Comparing the undistorted Mueller matrix images
[Fig. 4(a)] taken by the normal objective lens with the images
taken by the GRIN lens [Fig. 4(b)], it is clear that the GRIN lens
distorts the Mueller matrix images seriously, resulting in diffi-
culties in distinguishing the polarization features of the sample.
One has to obtain detailed characteristic polarization informa-
tion of the GRIN lens in order to remove such polarization
artifacts.

We can remove the sample and rotate the detection arm of the
experimental setup from backscattering to transmission configu-
ration to measure the Mueller matrix of the GRIN lens, shown in
Fig. 4(d). For a better description of polarization properties of
GRIN lens, we use MMD to quantitatively characterize three
basic polarization-sensitive physical processes: diattenuation,
phase retardation, and depolarization. As shown in Fig. 5, the
polarization property of the GRIN lens is dominated by retard-
ance, which is caused by the linear birefringence of the GRIN

Fig. 2 (a) Schematic diagram of a typical setup for Mueller matrix measurements of arbitrary scattering
angles using a normal objective or a GRIN lens. The detection arm A-Q2-P2-L2-CCD can rotate around
the sample to measure Mueller matrix in arbitrary angles. (b) Optical layout of the Mueller matrix meas-
urement of the GRIN lens. Birefringence value increases along the radial direction. In this work, the NA of
the GRIN lens is small and the incident rays are nearly parallel. L1, the collimating lenses; L2, the imaging
lens; F, a band-pass filter; P1 and P2, polarizers; Q1 and Q2, quarter wave plates. (c) Pictures of some
tested GRIN lenses, and the experiment results in this article are obtained using a GRIN lensmarked by a
red dashed frame.

Fig. 3 (a) The hematoxylin-eosin stained slice of basal cell carcinoma of human skin; the dashed lines
mark the cancer region. (b) Unstained slice from the same biopsy sample. (c) Mueller matrix image of the
unstained slice of the basal cell carcinoma; all the matrix elements are shown in normalized form, with all
its elements (except m11) divided by m11. The imaging area of (c) is imaging area 1 shown in (b). The
imaging area 2 shown in (c) is the imaging area of the GRIN lens. For comparison, the cancer region in (a)
is marked both in (b) and (c).
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Fig. 4 Mueller matrix images of the sample corresponding to the center part of the images marked by
“imaging area 2” in Fig. 3(c), (a) measured through a normal lens objective, (b) measured through a GRIN
lens, (c) restored from (b), and (d) Mueller matrix images of the GRIN lens. All the matrixes are shown in
normalized form, with all its elements (except m11) divided by m11.

Fig. 5 Mueller matrix decomposition for the GRIN lens: (a) diattenuation, (b) depolarization, (c) linear
retardance, (d) fast axis direction, (e) line profile of the linear retardance values along the radius
shown in (c), and (f) the line profile of the fast axis directions along the azimuth shown in (d).
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lens. Contributions due to both diattenuation and depolarization
(partly from stains, surface defects, or other imperfections of the
GRIN lens) are small. Figure 5 also shows that the distribution
of the linear retardance is approximately radial. It should be
noted that both the value of linear retardance and the angle
of its fast axis are not strictly radially symmetrical. Such
deviation can be attributed to the external force applied to fix
the GRIN lens to the assembly. The small abnormal area in
the bottom right corner in Figs. 4(d) and 5 corresponds to a
defect on the GRIN lens.

In addition, it is worth mentioning that the Mueller matrix of
an optical element is related to the incident light angle. The opti-
cal layout of the Mueller matrix measurement of the GRIN lens
is shown in Fig. 2(b). During the experiments, we have found
that the Mueller matrix of the GRIN lens varies slightly with its
relative orientation to the incident beam. Such influence can
cause a position shift and distortion. For example, the cross-
stripe of the Mueller matrix element m22 in Fig. 4(d) would
be off center and reshapes smoothly into another asymmetrical
stripe. Here the NA of the GRIN lens we used is 0.17; the accep-
tance angle is so small that the above distortion can be ignored.

3.3 Mueller Matrix Restoration

From the above results and analysis, it is obvious that Mueller
matrix imaging (MMI) using a GRIN lens cannot be success-
fully adopted until a proper procedure is developed to correct
the polarization effects due to the GRIN lens. In theory, the
Mueller matrix M of a component can be eliminated by intro-
ducing its inverse matrix, because invðMÞ �M ¼ I, where
invðMÞ means the inverse of the matrix M and I is the identity
matrix, provided that the experimental error is small enough and
the matrix M is nonsingular. Thus, if we can measure the
Mueller matrix of the GRIN lens M1, and the combined
Mueller matrix of the sample and the GRIN lens M2, which
includes the contributions from the Mueller matrices of the sam-
ple, M3, and the GRIN lens, M1

0, we can recover the Mueller
matrix of the sample M3 using the following relations:

M2 ¼ M1
0 �M3; (3)

M3 ¼ invðM1
0Þ �M2; (4)

where invðM1
0Þ means the inverse of the matrix M1

0.
The necessary condition of using Eqs. (3) and (4) is that

M1
0 ¼ M1: (5)

Equation (5) means that we need M1
0 rather than M1 to

eliminate the artifacts from the GRIN lens. Note that although
both M1 and M1

0 represent the Mueller matrices of the GRIN
lens, they are not necessarily the same. As mentioned in the end
of Sec. 3.2, we have noted that the Mueller matrix of the GRIN
lens changes with the angular distribution of the incident light,
so that beams of different incident angles sample different sub-
sets of the angle-dependent Mueller matrix. When we measure
M1, we use a collimated incident beam parallel to the optical
axis of the GRIN lens. When we measure M2, however, the
backscattered light follows a different angular distribution
and may sample a different Mueller matrix M1

0. In the current
experiments, the GRIN lens of small NA acts as a spatial filter
collecting only those backscattered photons nearly parallel to

GRIN lens optical axis. In this case, Eq. (5) is approximately
satisfied.

Figure 4(c) shows the restored Mueller matrix images, which
are calculated from the experimental results of Figs. 4(b) and
4(d) according to Eq. (4). Compared with undistorted
Mueller matrix images as shown in Fig. 4(b), the restoration
process recovers the polarization features of the sample from
the experimental results seriously distorted by the birefringent
GRIN lens.

In order to see the differences of Mueller matrices in Fig. 4
more clearly, we redraw the elements m22, m33, and m44 from
Figs. 4(a), 4(b), and 4(c) with a different color map, shown in
Figs. 6(a1), 6(b1), and 6(c1), respectively. To quantitatively
assess the effectiveness of the above restoration process, we
extract three rows of data from Mueller matrix images, as
shown in Figs. 6(a1), 6(b1), and 6(c1) by the horizontal red
lines, and plot the values of the Mueller matrix elements
m22, m33, and m44 along the selected rows as shown in
Figs. 6(a2), 6(b2), and 6(c2), respectively. In order to clearly
show how the restoration works, we choose the lines far
away from the center where the distortions are more serious.
The mean deviations of the distorted (red lines) and the original
(dark lines) m22, m33, and m44 are 0.61, 0.41, and 0.90, respec-
tively. And the mean deviations of the recovered (blue lines) and
the original m22, m33, and m44 are 0.08, 0.08, and 0.06, respec-
tively. Apparently, there are significant differences between the
distorted and the original m22, m33, and m44, but the differences
between the recovered and the original Mueller matrix elements
are much smaller. Such a good agreement validates the effective-
ness of the restoration technique by the matrix inversion. Some
minor errors remaining in the restoration are mainly because of
the different optical aberrations between the objective and the
GRIN lens across the field of view. In addition, Fig. 4(a)
comes from just one direct measurement, but Fig. 4(c) is
based on two experiments and the matrix calculation, which
may introduce extra errors.

4 Discussions
We have demonstrated that the image restoration technique
works for a birefringent GRIN lens. In fact, this technique
can also be applied to remove the polarization artifacts from
other types of polarization optical components, as long as bire-
fringence is the dominant polarization effect. There are other
concerns before using a GRIN lens for Mueller matrix
measurements.

Mathematically, if the determinant of the Mueller matrix for
an optical component is zero, we cannot obtain the inverse
matrix and the restoration technique fails. In experiments, the
determinant of a measured Mueller matrix is less likely to
reach zero but can be close to it because of the inevitable scatter-
ing of the stains and the reflection from the lens surfaces in the
optical trains. We can use a condition number of a matrix as an
indicator to estimate whether the inversion operation is suitable
for the Mueller matrix of an optical component. The condition
number has been used to assess the response of a system
described by a matrix to the input error in many applications.28

When the condition number is close to one, an inverse matrix
can be computed with good accuracy. For a linear polarizer or a
depolarizer, one cannot recover the original polarization charac-
teristics. A detailed analysis on this issue is beyond the scope of
this discussion and will be presented in another article. In gen-
eral, with the increasing diattenuation and depolarization effects,

Journal of Biomedical Optics 095001-5 September 2014 • Vol. 19(9)

Chang et al.: Removing the polarization artifacts in Mueller matrix images recorded. . .



Fig. 6 (a1), (b1), and (c1) The undistorted, distorted, and restored images ofm22,m33, andm44, respec-
tively. (a2), (b2), and (c2) Comparison of the undistorted, distorted, and restored images ofm22,m33, and
m44 along the selected rows of data marked by the red lines.
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the condition number of a Mueller matrix increases and the
uncertainty of matrix inversion increases, too. Fortunately, for
many optics components, such as normal imaging lenses, dia-
ttenuation and depolarization are usually very small, and the
matrix restoration method described here can be applied.

We use the approximation M1
0 ¼ M1 for the matrix inver-

sion. By ray tracing, it can be deduced that the optical linear
retardation is approximately inversely proportional to the direc-
tion cosine of the light ray with respect to the axis. For the GRIN
lens used in our research work, the small NA of 0.17 allows only
a limited divergence angle for the backscattered photons to pass
through, which causes small deviation in the observed retard-
ance of the GRIN lens. So it is rational to use the approximation
M1

0 ¼ M1 when the NA of the GRIN lens is small.

5 Conclusions
We have performed backscattering Mueller matrix measure-
ments on a cancerous tissue sample using a birefringent
GRIN lens. The Mueller matrix images are seriously distorted
by the GRIN lens whose polarization properties are dominated
by a radial distribution of the birefringence. We used an image
restoration method based on matrix operations. By taking the
Mueller matrix images of the GRIN lens and calculating its
inversion, we can remove the artifacts from the GRIN lens
from the distorted images and recover all the polarization fea-
tures of the sample. This method works well as long as birefrin-
gence is the dominant effect of the GRIN lens and NA is
relatively small. The results demonstrate the feasibility of carry-
ing on Mueller matrix measurements using birefringent optical
components.
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