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Introduction

Abstract. We have developed a polarization microscope based on a commercial transmission microscope.
We replace the halogen light source by a collimated LED light source module of six different colors. We use
achromatic polarized optical elements that can cover the six different wavelength ranges in the polarization state
generator (PSG) and polarization state analyzer (PSA) modules. The dual-rotating wave plate method is used to
measure the Mueller matrix of samples, which requires the simultaneous rotation of the two quarter-wave plates
in both PSG and PSA at certain angular steps. A scientific CCD detector is used as the image receiving module.
A LabView-based software is developed to control the rotation angels of the wave plates and the exposure time
of the detector to allow the system to run fully automatically in preprogrammed schedules. Standard samples,
such as air, polarizers, and quarter-wave plates, are used to calibrate the intrinsic Mueller matrix of optical
components, such as the objectives, using the eigenvalue calibration method. Errors due to the images
walk-off in the PSA are studied. Errors in the Mueller matrices are below 0.01 using air and polarizer as standard
samples. Data analysis based on Mueller matrix transformation and Mueller matrix polarization decomposition is
used to demonstrate the potential application of this microscope in pathological diagnosis. © The Authors. Published by
SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of
the original publication, including its DOI. [DOI: 10.1117/1.JBO.23.1.016007]
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of light behave differently in scattering, absorption, and propa-

Polarization imaging techniques are capable of probing the
microstructural and optical properties of samples.'> They have
been applied in different fields, including material characteriza-
tion,>* medical diagnosis,5 remote sensing,6 target detection,’
and so on. The observation of microstructure makes it necessary
to combine polarization imaging techniques with microscope
systems. Oldenbourg® established a polarization microscope
by adding liquid crystal polarization modulator to a commercial
transmission microscope. Other attempts for polarization micro-
scopes have also been reported.”!! These microscopes use
monochromatic light sources and qualitatively analyze the bire-
fringence properties of the samples. For complicated samples
with strong depolarization and complex anisotropy like various
biological tissues and cells, birefringence alone is not enough
to describe different polarization characteristics. Mueller matrix
measurements are more appropriate for polarization characteri-
zation of biological tissues because it describes all of the
polarization properties, such as diattenuation, retardance, and
depolarization.'>'” The hardware of Mueller matrix measure-
ment is mostly similar to the corresponding nonpolarized
measurements except for the polarization modulation optics.
Therefore, a normal transmission or reflection mode microscope
can be converted to a Mueller matrix microscope by adding a
polarization-state generator (PSG) and a polarization-state ana-
lyzer (PSA) to the existing optical path. Different wavelengths

*Address all correspondence to: Hui Ma, E-mail: mahui@tsinghua.edu.cn
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gation processes of the same biological tissue. Therefore,
the feature parameters used to describe the sample, such as
retardance §,'° that is extracted from different wavelength
Mueller matrices of the same biological tissue are also different.
Compared with a monochromatic Mueller matrix microscope,
polarization measurements with different wavelengths will bring
up extra information on the microstructure of samples. For
different biological samples or different feature parameters,
we can take advantage of multiple wavelengths to choose an
optimal wavelength to measure the Mueller matrix. Previously,
we reported a monochromatic Mueller matrix microscope
by adding PSG and PSA to a commercial transmission-light
microscope'® and demonstrated preliminary applications in
detecting human cancerous tissues with fibrosis.”> In this
paper, we report a multiwavelength version of the microscope
and include detailed descriptions on how the microscope
is designed, constructed, calibrated, and tested. The Mueller
microscope is also based on an ordinary commercial optical
microscope. We use a multiwavelength collimated LED light
source module to substitute the ordinary halogen light source,
add a set of polarizing and analyzing modules, and use a CCD
detector as the image receiving module. The dual-rotating
quarter-wave plates Mueller matrix measurement method is
adopted to measure the Mueller matrix of samples by simulta-
neously rotating two quarter-wave plates at certain steps.'® For
higher accuracy, optimizations and calibration processes are
adopted to reduce the errors in the polarization measurements.
With the advantages of simple structure, rapid measurement,
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and high precision, the modulus design polarization microscope
for transmission Mueller matrix imaging shows promising
prospects.

2 Theory of Operations and Selection Criteria
of Components

2.1 Theory of Operations

After comparing the division of focal plane polarimeter®*' and

rotating both polarizers and quarter-wave plates Mueller matrix
measurement,”” we selected the dual-rotating quarter-wave
plates Mueller matrix measurement method for the polarization
microscope. In this measurement, there are only two quarter-
wave plates synchronously rotating at a set of angular incre-
ments that introduce less error sources and are easy to be recon-
structed and controlled by the computer. The main principle of
the dual-rotating quarter-wave plates Mueller matrix measure-
ment method is shown below.

Figure 1 shows that the state-of-polarization (SoP) of
detecting light S,,; can be expressed with the Mueller matrix
of components and the light intensity value is the first compo-
nent of S,,; therefore, the light intensity /,,,, can be expressed as
the following equation:

Iout = ( 1 00 O)Soul
=c(l 0 0 0)MpMpyMgympieMpiMp;Sins (1)
where S;, and S, represent the Stokes vector of the incident

nature light and the detecting light, respectively, Mp; and
J

1 cos? 26,

cos? 20, cos? 20, cos? 26,
u=1/4

sin 26, cos 26, cos® 20,

P1 R1 S R2 P2

Fig. 1 S, Sout: the Stokes vectors of incident light and detecting
light; P1, P2: fixed polarizers; R1, R2: rotating retarders; S: sample;
€4, €0, €3: the azimuthal alignment errors of R1, R2, P2 relative to
the transmission axis of P1; &;,5,: retardance errors.

Mp, represent the Mueller matrices of linear polarizer P1
and quarter-wave plate R1 in the PSG module, respectively,
M p, and My, represent the Mueller matrices of linear polarizer
P2 and quarter-wave plate R2 in the PSA module, respectively,
M gample TEpresents the Mueller matrix of the sample, and ¢ rep-
resents the detector sensitivity.

Let P = MpMp,S;,, which represents the Stokes vector of
light leaving the PSG module and p; represents the elements in
the Stokes vector. Let A=(1 0 0 0 )Mp,Mg,, which
represents the first row of the Mueller matrix of PSA module,
and a; represent the elements in the Stokes vector. Then, we can
use u;; to represent the elements in the vector product of P and A
and obtain the following expression:

4 4
Iout = CAMsampleP =C Z a,-pjmij =C Z uijmij, (2)
ij=1 i.j=1
sin 26, cos 26, sin 26,

sin 20, cos® 26,

sin 26, cos 26, co0s*26, sin26, cos26, sin 26, sin 26, cos 26, cos 26, sin 26, sin 26, cos 26,

—sin 26, —cos? 26, sin 26,

where 6, and 6, represent the rotating angles of the two quarter-
wave plates R1 and R2, respectively. The detected light intensity
can be expressed in a periodic form based on the Fourier
analysis as shown below:

o0

f(x) =ag+ Z(an cos nf; + b, sin nb,), (C))

n=1

where the fundamental frequency a, and b,, (n = 1,2...12) are
Fourier amplitudes.

By simultaneously solving Egs. (2) and (4), we know that
the Fourier amplitudes provide linear algebraic equations of the
16 unknown Mueller-matrix elements m;;. Twenty-five Fourier
amplitudes can be calculated if 30 measurements are taken. Five
of the twenty five values are opposite to another five, and four
values are always zero. Thus, we can derive the Mueller matrix
based on the 16 independent amplitude values.

2.2 Selection Criteria of the Transmission
Microscope

Although Mueller matrix measurements can be realized by add-
ing polarization optical elements to an ordinary transmission
microscope, we need to choose microscopes suitable for the
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—sin 26 sin 260,

[

modification. According to our experience, we should choose
the transmission microscope with the following three character-
istics. First, the microscope should have an external light source
that is easily replaced by a multiwavelength collimated light
source (CLS) module. Second, the microscope should be an
infinity optical system with infinity plan achromatic objectives,
making it easier to add the PSA module in the detecting optical
path. Finally, there should be a long moving-range sample stage
that has spare space for adding the PSG module in the micro-
scope. In this work, we chose a low cost commercial transmit-
ted-light microscope (L2050, LISS Optical Co. Ltd., China).
Based on the modulus design, the polarized light microscope
can be easily disassembled and upgraded.

2.3 Selection Criteria of the Light Source

Monochrome LEDs are promising light sources for the micros-
copy measurements. They are small, lightweight, low cost, and
convenient for working at low voltages.?>** There are six differ-
ent monochrome LEDs installed in the microscope; the center
wavelengths of the LEDs are 455 nm (royal blue), 475 nm
(blue), 490 nm (cyan), 535 nm (green), 590 nm (amber), and
630 nm (red), respectively, and each of their full-width at
half-maximum is close to 15 nm.
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2.4 Selection Criteria of the Polarization Modules

There are many types of instrumental setups used for time
sequential polarization modulation, including rotating polarized
optical components,”>* photoelastic modulators,”” and liquid
crystal variable retarder.”® The photoelastic modulator is expen-
sive, and the CCD detector that we used cannot take advantage
of its high modulation speed. The liquid crystal variable retarder
is sensitive to the ambient temperature. Thus, in our system,
polarization-state modulations in both PSG and PSA are realized
by rotating the wave plates around the optical axis. In the micro-
scope, all the polarized components P1,R1,R2, and P2 are
placed horizontally. The transmission axes of the polarizers and
the fast axes of the quarter-wave plates are parallel to each other;
then, the PSG and PSA are modulated by synchronously rotating
two quarter-wave retarders at fixed angles per step.

3 Experimental Setup

3.1 General Design of Hardware

Figure 2(a) shows a general schematic of the modulus design
polarization microscope for transmission Mueller matrix imag-
ing. The polarization microscope consists of several major mod-
ules: (i) CLS module, (ii) PSG module, (iii) PSA module, and
(iv) image receiving module. In the CLS module, the diverging
light from a monochrome LED (one of the six LEDs of different
colors) is collimated by a set of fixed upright standing convex
lenses (GCL-010158A, GCL-010111A, Daheng New Epoch
Technology, Inc., China) and turned to the upright direction by
a steering mirror M. The parallel beam passes through the PSG
module, which consists of a fixed polarizer P1 (LPVISE100-1,
Thorlabs, Inc.) and an achromatic quarter-wave plate R1
(WPA4225, 450-650 nm, Union Optic Co., Ltd., China)
mounted on a computer controlled motorized rotational stage
(PRMI1ZSE, Thorlabs, Inc.). The parallel beam with well con-
trolled SoP illuminates the sample S on the translation stage.

(@) ccp)

v I P2}
(MATLAB) (LABVIEW) iz R2!

PSA

4

(m,(x.y) | (S)
00 oo | T
50 l IX\ H

——Pi[eE[ | RI:
0 : :
400 500 600 700

0 3 6 9 12 15 18 21 24 27 30 s

Fig. 2 (a) The schematic diagram of polarization microscope. CLS,
monochromatic light source; P1 and P2, polarizers; R1 and R2, quar-
ter-wave plates; L1 and L2, lenses; O, 4%, 10x, 20x, 40x objectives.
(b) The time for image acquisition. The protuberant red lines represent
the exposure time range from 0.1 to 1 ms; the following red horizontal
lines represent the rotation time of A1 and R2, which is about 3 s.
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The transmitted light from the sample is collected by the objec-
tive lens O and then passes though the PSA module, which also
consists of an achromatic quarter-wave plate R2 (WPA4225,
450-650 nm, Union Optic, Inc., China) mounted on a computer
controlled motorized stage (PRMI1ZS8E, Thorlabs, Inc.) and
a fixed linear polarizer P2 (LPVISE100-1, Thorlabs, Inc.).
Finally, the analyzed light is focused and detected by a 12-bit
CCD detector (74-0107A, Dynisco, Inc., China). The exposure
time takes from 0.1 to 1 ms for imaging different samples, but
the time for setting the PSG and PSA in position takes up to 3 s
as it is limited by the speed of the rotational stage in PSA, as
shown in Fig. 2(b). For each measurement, the system takes
30 polarization component images corresponding to different
combinations of the PSG and PSA, and then evaluates the
16 Mueller matrix elements following Egs. (2) and (4). It takes
about one and a half minutes for a Mueller matrix measurement.

3.2 Software for System Control, Data Acquisition
and Analysis

The software system of the polarized microscope is capable of
hardware control, data acquisition, data processing, and data
analysis. A graphical user interface program for instrument
control and data acquisition has been developed using the
National Instruments’ Labview (Laboratory Virtual Instrument
Engineering Workbench) graphical programming platform.
We adopt Labview program to control the two high-precision
motorized rotation stages and the CCD, as shown in Fig. 1.
For each measurement, first, the system control program makes
the rotation stages turn to a specified angle separately, making
the transmission axes of the polarizers and the fast axes of the
quarter-wave plates parallel. Second, the program repeats the
image collecting process 30 times, during which the two rotation
stages R1 and R2 rotate at preset angles, respectively. Then, the
CCD takes one or several repeated images with suitable expo-
sure time ranging from 0.1 to 1 ms. Finally, the Labview pro-
gram takes the two rotation stages back to their initial positions
ready for the next measurement. In this Labview program, we
can set the number for repetitive data collections, rotation angles
for each step, exposure time, and data storage location. With
a computer controlling the program, the measurement time is
mainly limited by the rotating speeds of the motors. The current
microscope takes a minimum of 91 s to complete a Mueller
matrix measurement, 90 s for the rotations of the wave plates,
and about 1 s for calculating the Mueller matrix from the 30
polarization component images. We use MATLAB for both
data processing and for calibrations that will be discussed later.

4 System Optimization and Calibration

4.1 Optimization of Imaging Receiving Module

The calculation of the Mueller matrix is based on the light inten-
sity value from the CCD. To ensure accurate light intensity
detection and avoid overexposure, the illumination intensity is
controlled to make the maximum pixel values of the polarization
component images in CCD below 4000. The error of light inten-
sity value is mainly related to the stability of light source and
the noise of optoelectronic detectors. In this section, we take the
light intensity value of a single measurement and the average
value of 2, 4, 6, 8, 10, 12, 14, and 16 repeated measurement
results as experiment results. Then, we calculate the mean value
and the variance of 10 parallel experiments to estimate the sta-
bility of the measured light intensity values. Using 630-nm (red)
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LED as illumination light, we display the values and the vari- elements R1, R2, and P2 have errors associated with their initial
ance of pixels in the middle of the image with the form of error- azimuthal alignment with respect to the transmission axis of P1.
bar in Fig. 3. There is a significant decrease in the variance of In addition, the retarders may slightly deviate from the retard-
the direct intensity values and the average values of 2, 4, 6, 8, ance of 90 deg. We build a simple model based on the study of
and 10 repeated images, as shown in Figs. 3(a)-3(f). In addition, Goldstein,?® which include five potential error sources, respec-
Figs. 3(f)-3(i) indicate that the average value of over 10 repeated tively, represented by ¢, &,, €3, §;, and &,, as shown in Fig. 1,
measurements results in a very small improvement to the stabil- and can be expressed as shown below:

ity of light intensity value. We get the same results with other
wavelengths of illumination light. Thus, we use the average Sout = Mpz(gs)MRZ((sb84)MsampleMRl(5l783)MP1Sin- (5)
value of 10 repeated results to substitute the single measurement

result in the Mueller matrix measurements. The Mueller matrix Mg, and Mp, containing the errors can

. L . . be expressed as shown below:
4.2 Modeling Method of Polarization Calibration

Calibrations of the polarization optics are very important Mp, :l R(e3)Mp R(—¢3), (6)
for accurate Mueller matrix measurements. The polarization 2
|

1 0 0 0
u 0 cos?2(0, +&,) +sin?2(0, + &,) cos (5,) cos 2(0, + &,)sin 2(0, +&,)[1 —cos (5;)] —sin 2(6, + &,) sin (5,)
U710 cos2(0, + &) sin 2[0, +&)(1 —cos (5,)]  sin22(0; + &2) +cos22(0; + 2) cos (8;) cos 2(6, + &) sin (5,) |’
0 sin 2(0, + &) sin (6;) —c08 2(6, + &) sin (&) cos(6;)
(M
[
and Mp, can be expressed by analogizing My;. By contrasting as the reference sample, the Mueller matrix should be strictly
Egs. (2) and (5), we can derive the 16 unknown Mueller-matrix diagonal. Through inverse operations, the five errors can be cal-
elements m;; with Fourier amplitudes and errors. When air is used culated from the Fourier coefficient in the following equations:
(@) 3200 (b) 3200 (C)3200
@ 3000 @ 3000 @ 3000
2 lmﬂﬂm ] l mlmnﬂlmﬂﬂﬂmﬂﬂm = IHH{IHHIHHIHIH} {%{Hﬂl}l}k}ﬂ}}{: 27 e e
> 2800 > 2800 = 2800
2600 2600 2600
0 20 40 0 20 40 0 20 40
Pixels Pixels Pixels
d (e) f
3200 3200 3200
2 3000 2 3000 2 3000
= lEBprRisuEs g R ool ealTealih 3 5 Bl i s
= 2800 > 2800 > 2800
2600 2600 2600
0 20 40 0 20 40 0 20 40
Pixels Pixels Pixels
(9) (h i)
3200 3200 3200
© 3000 @ 3000 © 3000
2 I; TEa 2 Ty I 5 2 7T T Tanh
© [ (]
> 2800 > 2800 > 2800
2600 2600 2600
0 20 40 0 20 40 0 20 40
Pixels Pixels Pixels

Fig. 3 (a) The error bar of the light intensity value of a single measurement based on 10 parallel experi-
ments. (b)-(i) The error bar of the average value of 2, 4, 6, 8, 10, 12, 14, and 16 repeated measurement
results based on 10 parallel experiments.
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5 = Cos_l ajg COS g — ag COS aq;
=
@y cos ag + ag cos ay; )’

_ilay cos ag — ag cos(4e; — 2e;
5, = cos 1[ ( ) ,

a, cos ag + ag cos(de; — 2¢s)
1 b 1 b
e =—tan~! [ =) ——tan~! [ 22},
) 4 ag 4 ao
1 b, 1 bg 1 bg
=—tan”' (= | —~tan!{ =) +—tan”! [ =
o 2 o <a2) 2 " (616) +4 o <as

1 b\ 1 b\ 1 b
&5 = Etan_l (a—z) + ztan_l (a—z> - Etan_l (a—iz> . (8)

By taking many measurements, we can reduce &, &, and
& to 1 deg, and the maximum errors of the Mueller matrix
elements with angular calibration can be less than 0.01.

4.3 Eigenvalue Calibration Method

After the modeling method calibration, the errors associated
with the polarized optics in the Mueller matrix measurements
can be mostly eliminated. It is noteworthy that the objective
lens also affects Mueller matrix measurements. Although objec-
tive lenses are usually regarded as nonpolarization optics, some-
times their polarization properties show up as birefringence and
depolarization. The birefringence of glass lens is usually small
but could be big enough to affect the accuracy of Mueller matrix
measurements if miniaturized or organic material lenses are
used. Wolfe and Chipman® found the annealing of lens gener-
ated by depolarization phenomenon and Wood and Elson®!
found that the optical quartz window had an impact on polari-
zation imaging. We use the Mueller matrix to characterize the
polarization property of an objective. Five standard samples,
i.e., air, polarizer in 45 deg, polarizer in 90 deg, quarter-wave
plate in 45 deg, and quarter-wave plate in 90 deg, are used to
evaluate the Mueller matrix of an objective using the eigenvalue
calibration method.*>** The Mueller matrix of air is a unit
matrix, and the measured results of air and other samples can
be expressed as shown below:

MO == TairX» (9)

M; =TX, (10)

where M|, represents the experimental Mueller matrix of the air
and M; represents the experimental Mueller matrix of the i’th
type of standard samples. T',; represents the Mueller matrix of
the air and T'; represents the Mueller matrix of the i’th standard
sample. X represents the unknown Mueller matrix of the
objective. We used experimental result M, and M; to define
anew matrix D; = My'M; = X~!T;X and obtain the following
equation:

XD; =TX, (11)
by multiplying the inverse of matrix X on both sides of the equa-

tion. Equation (11) formed a linear system whose optimal
solution can be derived by the least square method. We define

Journal of Biomedical Optics

016007-5

Table 1 The calculated optimal Mueller matrix of the 4x objective.

Mueller matrix after angular calibration

1.000 —0.002 0.002 0.002
0.000 0.989 —0.004 0.002
0.000 0.000 0.991 -0.023
0.000 -0.004 0.017 0.982

the linear operator P;(X) = T;X — XD; to describe the differ-
ent value.

For convenience of calculation, P; and X are arranged in
rows and projected into vectors, which are shown as [P;(X)](1®)
and X(1) separately in the following equation:

[P,(X)](16) = ylo) _ glieie)

i i

x(16) (12)

(16,16)
i
culated. For convenience, we use YEIG) to represent [Pl.(X)]Uﬁ),
as shown in Eq. (12). The square sum of the difference values
can be expressed as shown below:

and the coefficient matrix H , whose size is 16 X 16, is cal-

vy 1012 _ 1x(16)) 71616017 (16.16) - (16) _ [y (16)17 g x(16)
[Y; ] = XU H T H; [XUOT K, X0,
(13)

and vector X (19 is the eigenvector of the real symmetric positive
semidefinite matrix K.

We define K, = > ,K; to represent the sum of K; and find
the smallest eigenvalue and the corresponding eigenvector,
which can be rearranged into the Mueller matrix of the objec-
tive, as the calculated result of the 4x objective shown in
Table 1.

4.4 Optimization of Rotation Angles

After the calibration as above, the accuracy of the Mueller
matrix measurement is enhanced, but errors still exist in the sys-
tem. Fortunately, a good measurement system can reduce the
effects of errors to the results, and the condition number (CN)
of the measurement matrix is a metric of the stability of the
system. We calculate the CN of the Mueller matrix microscope
with the Mueller matrix of the objective when the rotation angles
of the two quarter-wave plates change, as shown in Fig. 4.
For the smallest possible CN and the convenience of operation,
we chose the smallest 8; and 6,, so 6; = 6 deg, 8, = 30 deg,
and CN = 2.573.

4.5 Solution to Beam Drifting

We find that the images received by the detector cannot line up
perfectly. The cause of this is that there are two rotation polari-
zation devices in the system, and the surface of the polarization
components may be unparallel. The beam of light drifts, and the
measurement regions form dislocations because of rotation, as
shown in Fig. 5. We calculate in Eq. (14) the relationship
between the offset of the image L and the angle y between
the optical path and the central axis of the rotating optical com-
ponent in PSA. We enhance the accuracy of image matching
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80

60

0,

40t

20

Fig. 4 The image of the CN of the Mueller matrix microscope when
the rotation angles of the two quarter-wave plates change. The hori-
zontal axis shows the rotation angle of 1 in degree, and the vertical
axis shows the rotation angle of 2 in degree.

Fig.5 The illustration of light drift. When polarization components are
unparallel, the beam of light drifts and the measurement regions form
dislocations. D, the thickness of the wave plate; L, the distance of
deviation; y, the angle between the optical path and the central
axis of the rotating optical component in PSA; and 6, the angle of
refraction.

0.5
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0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

before calculation and show the original image and the
improved image of MMD parameter D of porous alumina™
in Fig. 6. Comparing the results shown in Figs. 6(a) and 6(b),
the MMD parameter D of porous alumina with image registra-
tion has less noise and a clearer boundary, which demonstrates
that our strategy can reduce part of the effects due to light beam
drift:

L:D*sm(y—e). (14)
cos y

5 System Test Result and Experiment Result

5.1 System Test Result

In addition to air, we also measured a polarizer as a standard
sample. Table 2 shows the measurement results of the polarizer
for six different wavelengths, which demonstrate that the error
for each wavelength is below 0.01 after calibration. Therefore,
the measurement results of our polarized light microscope are
reliable.

5.2 Experimental Result

In this study, we use histopathologic slides as samples. The his-
topathologic samples used in this study are nonstained, dewax-
ing sections of human liver cancer tissues, which were prepared
and provided by Shenzhen Sixth People’s (Nanshan) Hospital.
We display the images of the Mueller matrix polarization
decomposition (MMPD)® retardance § of human liver tissue
with different wavelengths in Fig. 7. During the development
process of liver cancerous tissues, the accompanied inflamma-
tory reactions can result in fibrosis and cirrhosis, which can be
reflected by the values of the MMPD parameter retardance 5.
Therefore, compared with the normal regions, the abnormal
regions of the liver tissue slides contain much more fibrous
structures, resulting in larger MMPD parameter retardance o
values. The normal regions in liver tissue are mainly the blue
regions with low retardance, while the abnormal regions are

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Fig. 6 (a) The original result of porous alumina and (b) the result of porous alumina with image

registration.
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Table2 (a)-(f) The final Mueller matrix of polarizer after calibration with light in 455 nm (royal blue), 475 nm (blue), 490 nm (cyan), 535 nm (green),

590 nm (amber), and 630 nm (red) respectively.

(@ 1.000 1.007 -0.002 0.004 (b) 1.000  1.000
1.0038 0994 -0.007  0.000 0.995  1.007
-0.005 0.004 -0.007  0.001 -0.002  0.008
-0.002 -0.009 -0.005 -0.002 ~0.000 —0.009

(d) 1000 0993 -0002 0002 () 1.000  0.997
0.993 1.003  0.006  0.001 0.995  1.000

0.003 -0.008 -0.006 0.003 0.000  0.009
-0.003 -0.004 -0.008  0.000 -0.004  0.000

0.000 0.002 (©) 1.000 1.004 0.006 0.003
—-0.008 -0.001 0.993 0.999 0.001 —-0.001
—-0.003 -0.001 0.002 0.003 0.004 0.009
—-0.007  0.001 -0.001 -0.008 -0.009  0.000

0.001 0.000 () 1.000 0.998  -0.002 0.003

0.005 0.007 0.999 0996 -0.001 -0.004

0.004 0.008 0.000 -0.009  0.007 0.003
—-0.003  0.002 -0.002 -0.004 -0.006  0.000

the red regions with high retardance and marked with black lines
in Fig. 7(a). For quantitative analysis, we calculate the mean
retardance value of the normal regions and abnormal regions.
When the wavelength of light decreases from 630 to 455 nm,
retardance § of normal regions increases from 0.18 to 0.28,
retardance & of abnormal regions increases from 0.54 to 0.81,
and the retardance difference between the abnormal and normal
regions increases from 0.36 to 0.53 correspondingly, as shown
in Fig. 8. We can use retardance § as a feature parameter to dis-
tinguish abnormal regions from normal regions. In this experi-
ment, the retardance difference of 455 nm light is 47% higher
than that of 630-nm light, which means that 455-nm light is

0.5

a better choice because the shorter wavelength is more sensitive
to the change of retardance 8. Because the scattering and absorp-
tion characteristics of different samples are not the same, longer
wavelength light may have advantages in some other cases. For
different samples and different feature parameters, we need to
choose a suitable wavelength to measure the Mueller matrix
to achieve the best effect. Fortunately, a multiwavelength polari-
zation microscope can give us multiple choices and provide
much more useful information compared with a monochromatic
Mueller matrix microscope. This work was approved by the
Ethics Committee of the Shenzhen Sixth People’s (Nanshan)
Hospital.

Fig 7 (a)-(f) The images of the MMPD parameter 5 of human liver tissue slices with light in 455 nm (royal
blue), 475 nm (blue), 490 nm (cyan), 535 nm (green), 590 nm (amber), and 630 nm (red), respectively;
the abnormal regions in these images are indicated by black lines in (a).
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Fig 8 The mean values and the difference values of the MMPD
parameter 6 of human liver tissue slices in abnormal regions and
normal regions when the wavelength of light changes from 430 to
590 nm; the mean values of abnormal regions are in blue line and
circular marker; the mean values of normal regions are in yellow
line and triangle marker; the difference values between the abnormal
regions and normal regions are in red line and square marker.

6 Conclusions

In conclusion, we have demonstrated that an ordinary optical
microscope can be transformed to a multiwavelength polariza-
tion microscope for Mueller matrix measurements just by
replacing the light source and adding a set of PSG and PSA.
The maximum errors for the absolute values of Mueller matrix
elements can be reduced to about 0.01 after calibration. By
measuring air, polarizer, and histopathologic slides, we verify
the reliability of the polarized light microscope and find that
we can obtain rich information on the microstructure and optical
properties of samples. The Mueller matrix microscope is a very
versatile instrument and will have a wide range of applications.
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