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In this study, we present a flat-field Mueller matrix imaging system to reduce the
reconstruction error caused by critical illumination. This study demonstrates that the
signal-to-noise ratio (SNR) of the reconstructed images is improved by about eight times
by adding a beam shaping module made up of microlens arrays to a traditional Mueller
system. The scalar diffraction theory and polarization numerical simulation show the ability
of the new device in minimizing the adverse effects of light source noise on polarization
reconstruction results. Finally, the experiment results on standard resolution board, porous
anodic alumina, and real pathological slices further confirm the superiority of the flat-field
Mueller system in precisely identifying sample structure and quantitative differences
between various polarization parameters (depolarization ratio Δ, linear retardance δ,
and birefringence orientation θ), demonstrating the potential of flat-field polarization
imaging in pathological diagnosis and tissue characteristic extraction.
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1 INTRODUCTION

Polarization imaging has shown to have the potential as a label-free tool in biomedical research due
to its sensitivity to microstructural tissue changes [1–3]. Especially the wide-field Mueller
microscopes, upgraded by installing polarization devices on commercial microscopes, have been
successfully applied in pathological diagnoses, including liver cancer [4], breast ductal carcinoma [5],
and cervical carcinoma [6], and have gradually progressed from qualitative to quantitative
recognition.

However, identifying the lesion on pathological sections accurately imposed stringent
requirements on the polarization systems. For example, the microstructure features and the
extremely thin thickness of pathological slices demand a high contrast of polarimetry, while
tissue anisotropy requires the uniformity of polarization imaging. Unfortunately, traditional
critical illumination used in Mueller microscopes is likely to generate non-uniform projection
accompanied by spatially varying irradiance [7], possibly due to unaligned optics, dust, nonuniform
light sources, and vignetting[8]. This not only results in the spatial instability of the signal-to-noise
ratio (SNR) in polarization images but also has negative effects on splicing adjacent polarization
subgraphs to observe the polarization features of the entire sample, limiting the increase of the field of
view (FOV).

Previous works about improving the accuracy of polarization imaging systems focused on
estimating the acquisition noise of the camera [9], numerically calibrating the fast axis angle of
the waveplate [10], and applying advanced imaging techniques [11]. However, these methods do not
address the issue of non-uniform noise distribution caused by the light source, which limits the
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further improvement of the resolution and the SNR of the
Mueller microscope. Although Köhler illumination can
provide excellent illumination uniformity, it comes at the
expense of illumination intensity and FOV. Therefore,
reducing light source noise and maintaining a good SNR and
measurement accuracy in a large FOV poses a challenge for the
Mueller matrix imaging system.

In this study, we optimize the flat-fieldMueller matrix imaging
(MMI) with a large FOV by the Köhler integrator [12, 13], which
consists of dual microlens arrays (MLAs). A theoretical analysis
based on scalar diffraction theory is established to analyze the
field propagated from the point sources to the sample plane,
revealing that the mechanism of the Köhler integrator is the
superposition of the images of MLA1 by the corresponding
lenslets in MLA2. Furthermore, we illustrate the importance of
flat-field MMI by examining polarization reconstruction errors
caused by uneven illumination. Various samples are used to
validate the advantages of flat-field polarization imaging. By
comparing several important polarization parameters
(depolarization, linear retardance, and birefringence
orientation), we demonstrate the superiority not only in
enhancing the SNR but also in precisely recognizing the
structural and quantitative difference of various polarization
parameters, which lays the foundation for the future pixel-
level polarization digital pathology.

2 EXPERIMENTAL SETUP AND METHOD

2.1 Experimental Setup
The flat-field Mueller matrix imaging system is based on the
traditional wide-field dual-rotated-retarder system. As shown in
Figure 1, a new component of the beam shaping module is added.

In the system, the illuminating light from an LED source (3 W,
620–640 nm, Xlamp XP-E, Cree) is first focused by a 10×
objective (GCO-2131, Daheng Optics, China) and then
spatially filtered with a diaphragm to obtain a group of point
sources marked as S, with a total extension width h of 1 mm based
on the real experimental situation. After being collimated by lens
L1 (MAD406-A, LBTEK, China), the beams emitted from the
point source located at various positions in S illuminate the beam
shaping module from various angles and the maximum incident
angle of the array onto the MLA1 αmax ≈ h/2fL1. Before being
modulated by a polarization state generator (PSG), the
illumination passes through the beam shaping module which
consists of two identical spherical microlens arrays (MLAs)
(MLA1M, Thorlabs Inc., United States) and an achromatic
lens (MAD408-A, LBTEK, China). Specifically, the MLA1
divides the entrance beam into several independently
propagating beamlets. The MLA2 is located at one lenslet
focal length behind the MLA1 [13, 14], in combination with
the Fourier lens L2, and it can superimpose the images of the
beamlets in MLA1 onto the back focal plane of L2, which also
serves as the sample plane. As a result, a pattern of uniform
irradiance is formed and projected onto the sample. After being
analyzed by a polarization state analyzer (PSA) part, the scattered
light from the sample is imaged by CMOS (MV-CA023-10UM,
HIKROBOT, China) with lens L3 (MAD412-A, LBTEK, China).
Thirty light intensity images that captured every 6⁰ of rotation of
R1 and every 30⁰ of rotation of R2 are acquired to calculate and
derive theMueller matrix elements [15, 16]. A calibration method
is used in this study with air as a reference sample, and the
maximum errors in flat-field and wide-field are both less than
0.015 [10].

The focal lengths of MLA and of the lenses L1, L2, and L3,
denoted as fMLA, fL1, fL2, and fL3 are 4.7, 50, 100, and 75 mm,

FIGURE 1 | Principle and schematic of the flat-field Mueller matrix imaging system, which contains point sources, beam shaping module, polarization state
generator (PSG), polarization state analyzer (PSA), and CMOS. S, point sources; L, lens; P, polarizer; R, quarter-wave plate; MLA, microlens array.
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respectively, and the distances between the optical devices are
marked in Figure 1. The distances between the sample plane and
L3, L3 and the CMOS are determined by the Gaussian imaging
formula, which is slightly adjusted according to the thickness of
the sample.

Mueller matrix elements contain all polarization information
of the experimental sample, but they cannot be directly mapped
to the specific microstructure of the sample. The Mueller matrix
polar decomposition (MMPD) is proposed by Lu and Chipman
[17] to decompose the interaction between polarization light and
samples into a product of diattenuation (D), retardation (R), and
depolarization (Δ) matrices. Furthermore, two important
parameters: linear retardance (δ) and birefringence orientation
(θ) are extended from the retardation [18], as stated in Eqs 1–3,
where a2 and a3 are the elements of the retardation vector. In this
study, Δ, δ, and θ are selected as the indicators to evaluate the
enhancement of uniform illumination for the MMI system.

M � MΔMRMD, (1)

δ � cos−1
⎧⎪⎨⎪⎩[(MR(2, 2) +MR(3, 3))2 + (MR(3, 2) −MR(2, 3))2]12

−1
⎫⎪⎬⎪⎭, (2)

θ � 1
2
tan−1[a3

a2
]. (3)

2.2 Theoretical Validation
Themodel is established according to the scalar diffraction theory
[19], as shown in Figure 2A, with a coordinate system located at
the center of the S. For sake of simplicity and intuitive analysis,
the analysis is based on the y-direction. In general, the
propagation of the light from the beam shaping module to the
sample plane can be divided into two steps: the first is to
propagate the transmitted field U(y1, zA1+) behind the MLA1
to the plane in front of the second array U(y2, zA2

-), and the
second step is to propagate the beams from the transmitted field
behind the MLA2 U(y2, zA2

+) to the sample plane U(y, zF).
Specifically, the collimating lens L1 converts the light emitted

by the LED from spherical waves to plane waves; however, due to
the physical size of the point sources, the field in front of the
MLA1 is expressed as a superposition of illumination from
different incident angles, which are emitted from different
positions in point sources, as presented in Eq. 4, where a (α;
y’) represents the spatial weighting coefficient closely related to
the incident angles.

U(α; y1, z−A1) � ∣∣∣∣U ∣∣∣∣a(α; y1) exp(jky1 sin α), (4)

FIGURE 2 | (A)Model of the beam shaping module; (B) physical size of the MLAs; (C) simulation result of light intensity on the sample plane; (D) comparison of the
irradiance distribution on the sample plane between flat-field and wide-field in the experiment.

Frontiers in Physics | www.frontiersin.org July 2022 | Volume 10 | Article 9319583

Guo et al. Flat-Field Mueller Matrix Imaging

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


TMLA(y1) � ∑N
m�−N

δ(y1 −mdL) ⊗ TL(y1)
� ∑N

m�−N
δ(y1 −mdL) ⊗ [exp(−jπy21

λf MLA

)rect(y1
dL
)]. (5)

Eq. 5 describes the transmission function of MLA and the
single lenslet in MLA as TMLA and TL, respectively, with dL
denoting the physical size of the single lenslet and (2N + 1)
representing the number of lenslets. By applying the Fresnel
approximation of the Fresnel–Kirchhoff diffraction integral, the
field in front of the MLA2 is presented as Eq. 6. The opposite
signs in the exponent show that MLA2 eliminates the parabolic
phase curvature introduced by MLA1. Therefore, MLA2 smooths
the inhomogeneous illumination distribution by converting the
spherical waves to plane waves. Then, the field and light intensity
on the sample plane can be calculated by Fourier transforming
the field behind theMLA2, as shown in Eqs 7–8. When compared
to traditional wide-field imaging, the double microlens array
averages out the variance in the original illumination beam by
first splitting and then overlapping, contributing to a uniform
irradiance on the sample plane.

U(y2 , z−A2) � exp(jkf MLA)
jλf MLA

× ∫∞

−∞
{U(y1 , z−A1)TMLA(y1)} exp( jk

2f MLA

[(y2 − y1)2])dy1
� exp(jkf MLA)

jλf MLA

×
exp(jky22)
2f MLA

× ∫∞

−∞
exp( −jk

f MLA

y1y2)dy1
× ∫∞

−∞
{∣∣∣∣U(α, y1 , z−A1)∣∣∣∣ exp(jky1 sin α)rect(y1dL

) exp( −jk
2f MLA

y21)} exp( jky21
2f MLA

)dy1 ,
(6)

U(y, zF) � F {U(y2, z−A2)TMLA(y2)}, (7)
I(y, zF)∝ ∫αmax

−αmax

∣∣∣∣U(y, zF)∣∣∣∣2 dα. (8)

Figure 2B shows the size parameters of the MLAs used in the
experiment. The total width of the array in the x and y directions
is 10 and 9.8 mm, respectively, with 10 and seven lenslets in each
direction, and the focal length of every single lenslet is 4.7 mm.
Figure 2C shows the simulation result of irradiance variation on
the sample plane, and the parameters used in the simulation are
all based on the experiment. Figure 2D presents the irradiance
patterns on the sample plane by flat-field and wide-field systems
in the experiment, and a more quantitative description of the light
intensity variation in the cross section is also shown in the
subgraphs, proving the advantages of incorporating the beam
shaping module into wide-field imaging.

3 IMPORTANCE OF UNIFORM
ILLUMINATION
3.1 Polarization Reconstruction and
Numerical Simulation
To emphasize the necessity of uniform illumination for
polarimetry, we analyze the error transfer of the
reconstruction process and evaluate the polarization image
results with a relative illumination perturbation of 3%.
Numerical simulations confirm the ability of flat-field
illumination to suppress background noise in polarized images.

In the dual-rotated MMI, as shown in Eqs 9–11, the Mueller
matrix of the sample is coupled to the light intensity and can be
demodulated by performing Fourier expansion on the thirty sets
of light intensity signals, which is generated by two synchronously
rotating waveplates [15]. Since the rotation angle β of the
waveplate (in PSG) is an experimentally known parameter, Eq.
9 is typically written as the linear equation Eq. 10 to calculate the
coefficient (an and bn) of the Fourier series, where I, T, and A
represent a 30 × 1 light intensity matrix, a 30 × 25 angle matrix,
and a 25 × 1 Fourier coefficient matrix, respectively. As shown in
Eq. 11, the final Mueller matrix is the linear combination of
Fourier coefficients an and bn, and matrix C can be found in the
ninth equation of Ref. [10]. Therefore, thirty light intensity
images modulated by the polarizing and analyzing module can
be transformed into the Mueller matrixMv by the reconstruction
matrix W, where W = CT−1. We present a more intuitive
illustration of the Mueller matrix calculation process in
Figure 3, and the variation of intensity images is taken care of
by the function g(β). The function g(β) describes the variation of
thirty light intensities at a pixel collected with the rotation of the
waveplate in PSG during the measurement, where β represents
the rotation angle of the waveplate in PSG, which ranges from
0°to 180°with the interval at 6°. Figure 3 shows the function g(β)
of the air sample as an example.

I � a0 +∑12
n�1

(an cos 2 nβ + bn sin 2 nβ), (9)

I �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

I1
I2
..
.

I29
I30

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
1
..
.

1
1

cos 2β1

cos 2β2

..

.

cos 2β29

cos 2β30

. . .

. . .

. . .

. . .

. . .

sin 2β1
sin 2β2

..

.

sin 2β29
sin 2β30

. . .

. . .

. . .

. . .

. . .

sin 24β1
sin 24β2

..

.

sin 2β29

sin 2β30

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
·

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a0
a1
..
.

a12
b1
..
.

b12

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
� TA ,

(10)

Mv �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

m11

m12

..

.

m43

m44

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � CA � CT−1I � WI . (11)

The measured Mueller matrix contains two types of errors:
systematic error (Δ) and random error (δ). The systematic error is
inherent in the experiment, but it can be compensated or
eliminated through instrument calibration, optimization of
experimental procedures, and so on. Random error is a type
of statistical error that affects the accuracy of the experiment
result, such as unstable rotation of the waveplate and random
noise of the light source or COMS. The footnote t indicates the
theoretical value, such as Mt, Wt, and It, while the lowercase e
indicates the experimental value: Me, We, and Ie. Then, by
demodulating light intensity signals, the experimental value of
each Mueller matrix located at position (x,y) consists of three
components: theoretical value (t), systematic error (Δ), and
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random error (δ), as shown in Eq. 12. Since matrix I includes
thirty light intensities, the random noise attached to each
intensity picture follows the variation pattern of function g(β).

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Me � WeIe;
Mt � WtIt ;

Ie(g(β)) � It + ΔI(g(β)) + δI(g(β));
We(g(β)) � W t + ΔW(g(β)) + δW(g(β)).

(12)

After neglecting the higher-order terms, the deviation between
theoretical and experimental values is as Eq. 13:

Me −Mt � We(g(β))Ie(g(β)) −Mt

� [Wt + ΔW(g(β)) + δW(g(β))][It + ΔI(g(β)) + δI(g(β))] −Mt

� Wt[ΔI(g(β)) + δI(g(β))] + [ΔW(g(β)) + δW(g(β))]It
+[ΔW(g(β)) + δW(g(β))][ΔI(g(β)) + δI(g(β))]
≈ Wt[ΔI(g(β)) + δI(g(β))] + [ΔW(g(β)) + δW(g(β))]It .

(13)
Previous studies concentrated on the calibration of the

reconstruction matrixes ΔW and δW but less on the effect of
the light source (ΔI + δI). However, we notice in Eq. 12 that the
deviation of the incident light is transmitted unreservedly to the
measured Mueller matrix and the MMPD result. To further
quantitatively explore the influence on the polarimetry and
effectiveness of the improvement on flat-fielding, three cases
are simulated with air as a standard sample, and the
corresponding Mueller matrix is a unitary matrix with no
depolarization and linear retardance under the ideal situation.

• Case 1: ΔI ≠ 0, δI = 0;

A radially distributed non-uniform irradiance but without
random noise is presented in Figures 4A,D,G,J as an example,
and ΔI refers to the inhomogeneous spatial distribution of the
light intensity, which is inherent in the system; however, the
calculated polarization parameters are not affected.

• Case 2: ΔI ≠ 0, δI ≠ 0;

According to the variation of the g(β), shot noise is added to all
thirty images, as shown in Figures 4B,E,H,K, and the mean value
of shot noise for each image is 3% of the maximum value of the
corresponding image. Figures 4H, K illustrate that given the
uneven distribution of the light intensity, the higher the light
intensity, the lower the relative noise and the less accurate in the
estimated polarization parameters. Furthermore, the error
distribution of polarization parameters exhibits a similar radial
pattern as the light intensity image (Figure 4B). This means that
the polarization error is proportional to the relative noise level of
the light intensity rather than the absolute magnitude of the light
intensity distribution itself.

• Case 3: min {ΔI + δI};

Figures 4C, F, I, L show the simulation results optimized by
the dual MLA module, and Figure 4C is calculated by the
method described in Section 2.2. The shot noise satisfies the
Poisson distribution statistically and the SNR is defined as the
square root of the number of photons received per pixel. As a
result, the SNR of light intensity image (Figure 4C) is
improved by about

  
70

√
≈ 8.37 times when we use a 7 × 10

MLA. In addition, since the polarization signal is linearly
reconstructed, the reconstruction error of Figures 4I, L is
thus reduced to the same degree, and the reconstructed
background noise is successfully suppressed by the flat-field
illumination.

We take the inhomogeneous illumination with two-
dimensional Gaussian distribution and shot noise as an
example. The comparison of cases 1 and 2 demonstrates that
the uneven spatial distribution of light intensity alone does not
corrupt the polarization images, indicating that the measurement
of the Mueller matrix is independent of the light intensity;
however, the results of case 2 show that the key factor
affecting the background noise is the spatially varying SNR
brought by δI/I. It is the relative noise that corrupts the
polarization accuracy.

FIGURE 3 | Schematic diagram of the periodically varying light intensity modulated by the polarizing device.
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To further illustrate the effect of inhomogeneous illumination
on real sample imaging from the simulation, we construct three
domains with gradients in depolarization and linear retardance in
Figure 5, where the polarization properties within each domain
are consistent [20]. Figures 5A–C and Figures 5D–I show the
images of light intensity and polarization parameters for three
domains under three cases corresponding to Figure 4,
respectively. It is found that the simulation results under
uniform illumination are closer to the theoretical values for
both region 1 with weak polarization effects and region 3 with
significant polarization effects.

In this part of the simulation, Figure 4 shows that uniform
illumination improves the SNR by suppressing the
background noise of the polarization parameters, while
Figure 5 further demonstrates the effect of SNR

enhancement on real sample imaging, with the results
under flat-field illumination being closer to the theoretical
value of the sample, emphasizing the necessity of uniform
illumination to the polarimetry.

3.2 Nonlinear Response of the Polarization
Signal
Polarization images are reconstructed from 30 light intensity
images containing polarization information; however, the
response of the polarization signal to the incident is nonlinear,
making it difficult to compensate for the effects of
inhomogeneous illumination by post-processing [8]. If Iincident
(x,y) is assumed to represent the light intensity projected onto the
sample at position (x,y), Ipolarization (x,y) represents the ideal value

FIGURE 4 | (A), (B), and (C): three typical cases for the first light intensity image; (D), (E), and (F): the cross-section of light intensity (blue curve) and relative error
(orange curve) corresponding to (G) -(I) and (J) -(L) are the calculated depolarization and linear retardance results for the three typical cases, respectively.
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of light intensity passing through the PSA after scattering from
the sample as in Eq. 14.

Ipolarization(x, y) � Iincident(x, y)f (x, y). (14)
Figure 6B describes the variation of 30 light intensity maps of a

sample with block structures, and the variation for the air is due to the
polarization statemodulation of PSG and PSA, representing the effect
of polarization state change on light intensity, which is presented as
reference values, and there is a significant difference between zones 1
and 2 due to their different polarization structures (the sample is
described specifically in Section 4.2, where the birefringence
orientation of the two regions is different). However, comparing
these three curves, the Ipolarization (x,y) of samples does not only
change linearly with the reference values as the polarization states
change but is also influenced by the sample structures, illustrating that
f (x,y) in Eq. 14 is a nonlinear function involving multiple factors,
making it difficult to be modified through post-processing.

4 EXPERIMENTAL VALIDATION

The simulation results in Section 3 demonstrate the advantages
of flat-field MMI in suppressing the background noise of the

polarimetry. To further illustrate the improvements in
highlighting the microstructures of samples due to the
reduction of noise, three different samples are chosen to
compare the capability of two illumination modes. Since the
flat-field imaging system is upgraded by adding a beam shaping
module on the wide-field system, the following demonstration is
based on imaging the same region with and without beam
shaping components. Polarization parameters Δ, δ, and θ,
which represent the depolarization, linear retardance, and
birefringence orientation, respectively, are investigated, and all
of these parameters have been proven as important indicators in
biomedical studies [21].

4.1 Comparison for Depolarization
To begin, a 1951 USAF resolution board with a perfect binary
distribution comprising the transparent and shaded parts is
chosen as a reference example. Figures 7A,B compare the
normalized light intensity and depolarization picture for the
resolution bars from group 5, element 1 to group 5, and
element 5, where the selected region is close to the resolution
limit in both systems and corresponds to the line width ranging
from 15.6 to 9.84 μm. Intuitively, the flat-field illumination
improves the imaging clarity, particularly at the edge of

FIGURE 5 | (A), (B), and (C): three typical cases for the first light intensity image for three domains; (D) -(F) and (G) -(I) are the corresponding calculated
depolarization and linear retardance for three domains under three typical cases, respectively.
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FIGURE 6 | (A) Comparisons of light intensity changes with different sample structures; (B) different imaging areas of the sample.

FIGURE 7 | Comparison of the resolution board between two systems: (A) normalized light intensity for the wide-field; (B) normalized light intensity for the flat-field;
(C) Δ of wide-field; (D) the Δ of flat-field; (E) distribution of the normalized light intensity in two systems; (F) variation of light intensity with distance; (G) distribution of Δ in
two systems; (H) variation of Δ with distance.
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various areas in the image. The probability density function
(PDF) of the pixel distribution characteristics of the dashed
rectangles in Figures 7A–D is shown in Figures 7E, G, where
the flat-field system exhibits an evident double-peak feature,
clearly showing binary properties. Further image resolution
analysis utilizing group 5, element 4 is displayed in
subpictures in Figures 7F, H. The peaks in Figure 7F indicate
a strong light transmission area, while those in Figure 7H
indicate a more severe depolarization impact caused by the
shaded area. The transmission and shading parts cannot be
correctly distinguished from the depolarization picture under
traditional critical lighting, but they can be easily separated under
flat-field illumination. From Figures 7F, H, the image resolution
problem caused by the illumination mode appears to have little
effect on non-polarized intensity images but will clearly affect the
resolution of polarization images, implying the importance of
uniform illumination for biomedical applications of polarized
optics.

4.2 Comparison for Anisotropy Analysis
Except for the depolarization parameter closely related to tissue
scattering, the linear retardance δ and the birefringence

orientation θ are also important parameters to explore
anisotropic tissue microstructures and then reveal the initial
pathological features of many diseases, such as fiber
proliferation. We utilize porous anodic alumina (PAA) as the
experimental material to investigate the effect of flat-field
illumination on these two anisotropic characteristics. PAA is a
photonic crystal with porous structure, and it displays an obvious
optical anisotropy produced by birefringence. Based on our
earlier research, several domains with different optical axis
orientations will form on the surface of PAA depending on
the preparation process [22]. We compare the δ, θ images
under two lighting modes in Figures 8A,B and Figures 8D,E,
both showing similar δ values and apparent differences for θ
values across adjacent domains. For a more quantitative
comparison, we present the PDF of three regions in Figures
8C, F. Since the δ values from the three regions are very similar,
only region 1 is chosen as the representative in Figure 8C, while
Figure 8F shows all of the PDFs of θ from three regions under two
different illumination modes. The consistent peaks of the PDF
distribution under two illumination modes appear to have little
effect on the rough extraction of anisotropic characteristics.
However, considering highly consistent microstructures within

FIGURE 8 |Comparison of PAA in two systems: (A) δ for the wide-field; (B) δ for the flat-field; (C) distribution of the δ in two systems; (D) θ for the wide-field; (E) θ of
flat-field; (F) distribution of θ in two systems.
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each domain on a PAA plate, the narrower FWHM (listed in
Table 1) by the flat-field system may imply that the improvement
of illumination uniformity can effectively improve the accuracy
and contrast of sample anisotropy analysis.

To further investigate why the FWHM of polarization
parameters is obviously narrower under the flat-field mode
while the mean values remain constant, we used a 200-μm
myocardial tissue sample. As shown in Figure 9A, the empty
regions without the sample in the myocardial section cannot
generate any phase retardance theoretically. However, compared
with the δ image under the flat-field lighting in Figure 9D, the δ
values from the empty regions are not exactly zero under the
wide-field mode in Figure 9C. This inaccuracy might explain the
difference in the δ value distribution of myocardial tissue at the
same place under two different illumination modes seen in
Figure 9B. Also, Figure 9D further confirms the importance
of illumination uniformity on polarization parameter extraction.

The aforementioned studies indicate that the flat-field system
has advantages in suppressing background noise, which improves
the SNR of polarization images and the extraction accuracy of
polarization parameters. As a result, a flat-field polarization
imaging system will be more suitable for the division of
lesions and healthy areas on pathological samples.

4.3 Application in Pathological Diagnosis
Next, we prepare two 4-μm pathologic tissue slices of human liver
cirrhosis at stage IV with typical fibrous microstructures, whose
stained microscopic images are shown in Figure 10A,B. We
select two regions in each slice to compare their δ values under
two illumination modes in Figures 10C, D, F, G, respectively.
According to the HE stained results, the red rectangular areas
represent the fibroproliferative part, while the yellow ones
represent the non-fibrous tissues. Similar to Figures 7, 8;
Figure 10E, H shows that the ranges of each area are more
concentrated regardless of tissue types, whose FWHM can be
found in Table 2. To further quantitatively compare the
discrimination of different degrees of liver fibrosis under two
illumination modes, Jensen–Shannon divergence (JSD) is chosen
as an indicator. JSD is based on information entropy and
describes the difference between two distributions; the larger
JSD means the greater difference between the two
distributions [23], as presented in Eqs 15-16, where p(x) and
q(x) represent two distribution functions. Here, we introduce a

TABLE 1 | Comparison of the FWHM in three regions.

Illumination mode Region 1 Region 2 Region 3

Δ Flat-field 5.52 4.83 3.31
Wide-field 7.99 10.18 8.83

θ Flat-field 2.64 2.82 2.13
Wide-field 5.46 5.02 3.86

FIGURE 9 | (A) Light intensity image of the sample, the circled area is the gap between the samples; (B) PDF of the linear retardance deviation calculated in the gap;
(C–D) 2D images of the δ under wide-field and flat-field, respectively. The black scale bar is 100 μm.
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parameter Cim as defined in Eq. 17, to describe the contrast
improvement due to the optimized flat-field illumination mode:

KL(P||Q) � ∫ p(x)log p(x)
q(x) dx , (15)

JS(P||Q) � 1
2
KL(P∣∣∣∣∣∣∣

∣∣∣∣∣∣∣P + Q
2

) + 1
2
KL(Q∣∣∣∣∣∣∣

∣∣∣∣∣∣∣P + Q
2

), (16)

Cim � JSDf lat − JSDwide

JSDwide
. (17)

Table 2 shows that the increasing SNR from flat-field
illumination highlights the differences between different
structures, as reflected in the value of Cim increased by
2.5 times and three times in two slices, making it easier to
distinguish between healthy and abnormal areas in pathology.

The aforementioned experiments have demonstrated the
benefits of single-wavelength MMI in quantitatively identifying
different microstructures. Considering that the Köhler integrator
is insensitive to the wavelengths [13, 24], a single-wavelength

FIGURE 10 | (A-B)Chosen regions of liver cirrhosis in HE stained slices; (C-D) comparison of δ of group 1 in two systems, respectively; (E) PDF of δwith fibers and
non-fibrous tissues in group 1, respectively; (F-G) comparison of δ of group 2 in two systems, respectively; (H) PDF of δ with fibers and non-fibrous tissues in group 2,
respectively; the black scale bar is 500 μm.
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MMI can be easily upgraded to a multiwavelength MMI in the
future for more application scenarios.

5 CONCLUSION

In this study, we propose a method to improve the illumination
uniformity of the MMI, where two MLAs and a Fourier lens are
used to overlap the images of multi-lenslets in the array to
implement a uniform irradiance. Theoretically, we establish
the light propagation model of the beam shaping module and
analyze the error transfer in polarization parameters induced by
spatially varying noise of the incident light, emphasizing the
importance of flat-field illumination on noise suppression and
polarization signal generation.

Experimentally, combined with the resolution board, we first
highlight the significance of uniform illumination applied to
polarimetry in biomedical research. The improvement of
microstructural identification by flat-field illumination is
particularly evident in polarized images when compared with
light intensity images.

The experiments of various samples further confirm the
advantages of a flat-field system in the extraction of typical
polarization characterization parameters, including
depolarization Δ, phase retardance δ, and birefringence

orientation θ. Specifically, the flat-field system can preserve the
sharp variations between different depolarization regions, which
is beneficial to the recognition of scattering characteristics of
samples. The SNR of polarization images on tissue anisotropy
parameters δ and θ is also enhanced, showing advantages in
identifying lesion areas with varying optical anisotropy. By
comparing polarization images of two liver cirrhosis tissue
slices under two illumination modes, the advantage of flat-field
polarization imaging in discriminating the degree of tissue
fibrosis has been demonstrated. In the follow-up study, the
flat-field Mueller matrix imaging also showed the potential to
acquire the full polarization imaging of a whole pathological slice
by stitching the adjacent region.
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