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Abstract: Optical scanning microscopy techniques based on the polarization control of the light have
the capability of providing non invasive label-free contrast. By comparing the polarization states of
the excitation light with its transformation after interaction with the sample, the full optical properties
can be summarized in a single 4 × 4 Mueller matrix. The main challenge of such a technique is to
encode and decode the polarized light in an optimal way pixel-by-pixel and take into account the
polarimetric artifacts from the optical devices composing the instrument in a rigorous calibration
step. In this review, we describe the different approaches for implementing such a technique into an
optical scanning microscope, that requires a high speed rate polarization control. Thus, we explore
the recent advances in term of technology from the industrial to the medical applications.
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1. Introduction

Polarization-based imaging techniques are powerful approaches having the unique
ability to produce specific contrasts for revealing hidden information [1]. Over the last few
decades, it has shown its efficiency in multiple areas showcasing its particular sensitivity to
the medium structure and orientation [2]. As follows, it has been referred to a wide range
of experimental applications from astrophysics [3,4], remote target detection [5–8], and
micro/nanoparticles in a turbid or highly scattering medium [9–14]. Especially, Mueller
matrix polarimetry is the most comprehensive method as it provides the full polarimet-
ric response of a sample through its 4 × 4 Mueller matrix (MM). At least 16 intensity
measurements, obtained by a set of 16 coding and decoding polarization states, must be
performed to determine the 16 real independent element of the Mueller matrix mij [15].
Various methods were then developed based on either temporal, spatial, or spectral polar-
ization coding and decoding [16]. For imaging microscopy applications, two approaches
provide the complete Mueller matrix elements mij(x,y) to be measured across a sample in
two dimensions.

The first and most common approach incorporates the full-field imaging approach
using a CCD or a CMOS camera including full-field polarization coding and decoding
stages. Most wide-field Mueller imagers use dynamic polarization optics to modulate light
polarization in the temporal domain. The methodology consists of a sequential acquisition
of at least 16 polarization-resolved intensity images of the sample for reconstructing the
complete Mueller matrix in just few seconds up to few minutes. For tracking any fast
polarimetric changes, recent works have proposed a snapshot Mueller matrix microscope
based on the simultaneous coding/decoding of the polarization states physically splitted
in the plane of the sensor which is of great interest for biomedical diagnosis [17]. The
idea is to couple a micro-polarizer array with a CCD or CMOS camera. Each pixel of the
camera is linearly polarization encoded (0◦, 45◦, 90◦ and 135◦) and a group of four pixels
gives a super pixel allowing the reconstruction of the four Stokes coefficients through a
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field-programmable gate array (FPGA) card in real-time [18]. Nowadays, since this passive
technique does not require any sophisticated mathematical model or expansive optical
features, it exists numerous commercial polarization-resolved camera, dedicated for remote
sensing or widefield imaging [19–21]. However, the limitation of such a method is the
need of taking into account the crosstalk between pixels and the loss of spatial resolution
due to the definition of the super-pixels [22]. Another limitation is the difficulty to be
implemented with other imaging modalities due to the space required for the polarimetric
optical features.

In an attempt to preserve the axial optical resolution through the illumination volume,
the second approach consists in point-by-point scanning laser microscopy (SLM) of the
sample. Particularly, this review article is dedicated to the description of the experimental
advances in the field of complete MM in optical scanning microscope for imaging pixel-
by-pixel the xy focal plane of the objective. This measurement method differs from using
the scanning beam and is based on collecting the angular fingerprint of the sample as it is
often proposed in polarization-resolved scatterometry [23]. In this review, we demonstrate
the capability of this method for imaging localized contrasts based on the single optical
and structural properties of the sample at the microscale. Commonly, the imaging of such
small objects is made using fluorescence techniques showing an extraordinary capability
of tracking localized molecules beyond the diffraction limit. Nevertheless, it requires the
use of fluorophores and high light-dose that can alter the sample organization. For this
reason, the main advantage of developing a full MM imaging system is that there is no
labeling process or a priori knowledge of the sample. Thus, this technique is known to be a
label-free method and the contrasts is based on the single interpretation of the light-matter
interaction arisen from the sample optical fingerprint. We show that developing full MM in
a scanning microscopy configuration offers the advantage to be easily implementing into
commercial setups giving the capability toward multimodal imaging. We used databases
such as PubMed and the Web of Science to gather information for this article. First, we
discuss the different approaches of coding and decoding the polarization suitable with
the scanning beam across the sample. Furthermore, we present different applications of
this technique, demonstrated its performances from the earliest works to the most recent
advances in the optical scanning microscopy field.

2. Mueller Matrix Optical Scanning Architecture

Any MM polarimeters are composed of two optical modules aiming to encode/decode
the polarization states after interaction with the medium. First, the Polarization States
Generator (PSG) encodes the polarization states from the incoming light source (emitted
by a lamp or a laser diode), as described by the Stokes vector ~Sin = [S0, S1, S2, S3]

in, where
S0 is the total transmitted light, S1, S2 and S3 are related to the linear horizontal/vertical,
+45◦/−45◦ and circular right/left polarization states. Their combinations provide valuable
information increasing the information available, such as the Degree Of Linear Polarization
(DOLP), and Circular (DOCP) [24]. Then, after the sample, the transformation of the
polarized light is decoded by the Polarization States Analyzer (PSA) giving the output
Stokes vector as ~Sout = [S0, S1, S2, S3]out and collected by a photodetector. In the literature,
the mix of the PSA and the detector part is also referred to as the Polarization States
Detector (PSD). The MM, noted M, describes how the polarization state of the input light
changes upon interaction with the sample by

~Sout = [M] ~Sin, (1)

where ~Sin and ~Sout are the input and output Stokes vectors. Since the imaging contrasts
erase from the only linear optical response of the medium with the polarized light, there
is no need of using high power laser source or extremely sensitive photodetectors, which
decreased drastically the cost and the complexity of polarization-resolved techniques.

The main challenge for implementing this technique in an SLM configuration is to
adapt a proper methodology for encoding/decoding the polarization states in a way
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to retrieve the full MM pixel-by-pixel. Additionally, the critical issue for extracting the
accurate MM is the calibration of the full optical system. It has to count on the polarization
state inaccuracy from the PSG and PSA errors combined with the polarimetric artifacts
because of the multiple interaction with the optical features composing the microscope
(lenses and mirrors). In SLM, the specimen is scanned by a diffraction limited spot of a laser
light after reflection in galvanometric mirrors. Then, the light is transmitted or reflected
by the in-focus illuminated volume element (voxel) of the specimen and is focused onto a
photodetector. For MM SLM, the lateral resolution is approaching the diffraction limitation
given by the objective numerical aperture express as

Rlateral =
λ

2 · NA
(2)

We present the different configuration available from such a technique Figure 1.

Figure 1. Block diagram for implementing a general Mueller matrix (MM )polarimeter into a scanning laser microscopy (SLM)
architecture (a) in transmission and (b) in confocal reflection configuration. PSG: polarization states generator. Obj: microscope
objective. GS: galvanometric scanner. TL: tube lens. S: sample. BS: beamsplitter. P: pinhole. PSD: Polarization States Detector.

Usually the calibration steps consist in measuring the polarimetric contributions
independently of the sample of (1) the PSG and PSA blocks and (2) the optical microscope
features fingerprints. First, the PSG and PSA could be calibrated separately using dedicated
methods according to its architecture. Studying the conditioning of the measurement matrix
have been used by several authors to optimize the polarimeter performance. Particularly,
if a simple set of rotated polarizers and waveplate are used for encoding the polarization
states, a simple model such as Eigenvalue Calibration Method (ECM) [25–27] have been
proven to be robust and versatile enough. In this way, the trace of the matrices measured
using simple reference sample at specific orientation gives a Condition Number (CN)
that resumes the robustness against noise propagation through the whole system. If the
PSG and PSA are more complex to model, for instance by using electro optics devices
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(Pockels cells or photoelastic modulators) [28], the system is considered as a "black box"
evaluated by a figure of merit named Equally Weighted Variance (EWV) criterion where
only the global experimental noise propagation is considered [29]. In a confocal mode
for the reflection imaging configuration, the double pass through the sample has to be
considered [30]. Indeed, it becomes even crucial for polarization tracking through the
overall Point Spread Function (PSF) volume. For this reason, a variant method of the
ECM has been introduced requiring the measurements of the polarimetric properties of
reference samples such as linear polarizer or waveplate at specific orientation. However,
in a confocal mode it is important to recalibrate the system for each pinhole size resulting
in an increasing of the number of measurements. Additionally, it is important to assume
that the light is reflected by a perfect mirror at normal incidence, and that the fingerprint of
the polarization features is independent of the direction of propagation of the light. This
final hypothesis is not easy to achieve experimentally limiting the use of such approach for
versatile implementation. Second, the microscope body is composed of successive multiple
optics (lenses, filters and mirrors) that transform completely the generated polarization
states. Thus, the measurement pixel-by-pixel of its optical properties could be easily
performed by removing any sample in transmission or by placing a simple reflective mirror
in reflection. The double pass ECM method could be also used and provides simultaneously
the Mueller matrices of the encoding/decoding blocks and of the microscope body [30].
Finally, the Mueller matrix of the sample is isolated by using matrices inversion based on
Mueller/Stokes formalism, as follow

[Msample(x, y)] = [Mmes(x, y)] · [Mmicroscope(x, y)]−1, (3)

where [Msample], [Mmicroscope] and [Mmes] are the Mueller matrices of the sample, the micro-
scope and the total (microscope+sample).

Most of the MM SLM microscope deals with slow polarization states encoding/
decoding rate, by means slower than the pixel dwell time achieved by the galvanometric
scanner (GS). However, this limitation has been overcome by simply acquiring successive
images with different polarization states. Most recent advances for getting the full MM
images at the pixel dwell time rate have proposed a snapshot approach, inspired by Optical
Coherence Tomography (OCT) setups able to get the MM in the faster way based on
our knowledge. Although the full-field technique is potentially faster than the scanning
technique, the latter opens the way for implementation of various imaging modalities
(Mueller/confocal/nonlinear) on a same scanning microscope [31].

2.1. Temporal Domain Encoding/Decoding

In the 1970s/1980s, the very first development in polarization-resolved microscopy
was of interest in the research community for its advantage of extracting the label-free con-
trasts. Due to the low technological requirement, the temporal control of the polarized light
was the first approach for such instrumentation based on the use of rotating optical features
or electro-optics modulators. In a single-point measurement, the technique was based on
the differential polarized (linear or circular) intensity collection, leading to the determina-
tion of only few Mueller matrix elements [32–37]. Thus, the method has been deported into
an SLM configuration for imaging high-ordered macromolecules and biopolymers, such
as chromatin or blood cells [38–43]. The main motivation for such implementation was to
substitute the fluorescence techniques by imaging and tracking very localized molecules
based on the single optical response of the sample without sample preparation. Later, the
first full MM polarimeter imaging associated to an SLM configuration have been proposed
for ophthalmology, based on OCT imaging in 1999 [44]. It allows the imaging of the full
MM in reflection configuration using LCVRs. Even if there is no need of any moving part,
the technique consists in measuring 16 successive double-pass images with an exposure
time of 4 s, resulting in a full acquisition in one minute. Considering that this approach
required a low power source for not damaging the retinal tissues, the method is coupled
with an important post-data treatment for reducing the noise and increasing the Signal-to-
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Noise ratio (SNR). A block diagram resuming this technique in transmission configuration
is proposed Figure 2.

Figure 2. (a) Block diagram of a typical MM SLM configuration based on the sequential encoding/decoding of the polarization states
from Reference [45]. (b) Schematic presenting the extraction of the MM images from the measured intensities images in the sequential
approach. PSG: polarization states generator. PSA: polarization states analyzer. Obj: microscope objective. Cond: Condenser. GS:
galvanometric scanner. TL: tube lens. S: sample. PMT: Photomultiplier tube. t: temporal polarization states generation. IH , IV , I45,
IRCP: intensities collected at the generated horizontal, vertical, 45◦ and Right Circular Polarization (RCP) polarized states.

In the confocal mode, an aperture slightly smaller in diameter than the Airy disc
image is positioned in the image plane in front of the detector [46]. The ability of this
method to reduce out-of-focus blur signal, and thus permit accurate non-invasive opti-
cal sectioning that makes confocal scanning microscopy so well suited for the imaging
and three-dimensional tomography of biological specimens. It has several additional
advantages over conventional optical microscopy, including the possibility of a significant
improvement in lateral resolution and the capability for direct non-invasive serial optical
sectioning of intact specimens. In 2005, the first confocal Mueller reflection microscope
was developed for the retinal diagnosis [27]. The scheme suggested to increase as much
as possible the polarization encoding/decoding speed rate allowing the highest number
of measurements for improving optically the SNR. For this reason, the generation of the
polarization states is performed thanks to two Pockels Cells (PC) allowing the encoding
of the polarization in few MHz. In an effort to speed up the decoding time, the method
was coupled with a combination of multiple polarization resolved detectors based on the
Division of Amplitude (DoA) method [47]. Thus, the time for getting the full MM is around
50 ms and reach a lateral optical resolution of 30 µm. However, the implementation of such
a technique into multimodal system is difficult considering the physical space required.
Furthermore, using multiple polarization optics leads to errors in aligning the optical axis
taken into account from the ECM. Nowadays, the multiple reflection optics used for this
method, such as beamsplitters, fresnel rhombs or wollaston prism, could be reduced in
very miniature modules of few centimeters designing from metasurfaces [48].

In 2008, an already existing commercial transmission SLM was modified for MM
reflection imaging of glaucoma [49]. The system was completely automatized based on
the use of Liquid Crystal Variable Retarder (LCVR) and required 72 successive images
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polarization resolved in 4 s with 20 µm lateral resolution. It is worth noting that such a
sample does not exhibit all the polarimetric changes in presence of a pathology, decreasing
the number of acquisition needed for studying only few polarimetric parameters.

More recently, a MM polarimeter has been implemented into a non-linear commercial
transmission scanning microscope using simple motorized optical devices [50]. It allows the
acquisition of only four images coded by four distinct polarization states (horizontal, verti-
cal, 45◦ and right circular) sequentially also based on DoA method. The main application
was the study of starch molecules under certain conditions (thermal and mechanical stress).
Similarly, a similar approach has been extended for small animal embryonic development
analysis in the reflection configuration [45].

The ability of such a technique paves the way of acquiring the full MM images of the
sample simultaneously with non-linear confocal microscopy due to its compactness and
versatility. This could be of interest for tracking the source of the label-free contrasts for
thick objects where the polarimetric imaging modality gives only an average information
of the scattering sample fingerprint through the PSF volume. A promising advance in this
direction has been proposed in 2020 for characterizing scattering media in MM reflectance
configuration in a confocal mode [51]. The instrument demonstrated is capabilities by
measuring the increasing of depolarization through highly scattering medium such as milk
solution. The polarimetric changes of layered-like structure has been validated through
Monte Carlo simulations and showed that the depolarization and retardance caused by a
birefringent fiber is influenced by its shape and location. This work has been completed by
performing a depth-resolved imaging of cornea that combines here Mueller matrix in both
transmission and reflection configuration with non-linear microscopy utilizing Two-Photon
Excitation Fluorescence (TPEF) and Second Harmonic Generation (SHG) [52]. In this work,
both the PSG and PSAs are composed of a pair of LCVRs and a linear polarizer and the
voltages are synchronized with the GS. Then, the MM images are extracted pixel-by-pixel
based on the measurements of four different PSA states for each of the six PSG states, so a
set of 24 images is obtained. These promising results show the capability of extracting the
polarimetric contrasts at a specific depth through the sample randomly organized. Indeed,
they demonstrate that the random changes in the corneal model as a layered medium
in the order of micrometer can strongly affect its polarization properties. However, it is
worth noting that these preliminary results deal with pure deterministic samples (here
only birefringent) where the measured scattering results mainly from the accumulation of
random orientation across the illumination volume.

2.2. Spectral Domain Encoding/Decoding

The previous techniques are based on acquiring a set of a sequentially generated
polarization resolved images and recombined them in a post data process for recovering
the full MM image, although this approach is not suitable for any dynamic characterization
of the sample limiting the use of such a technique for in vivo microscopy imaging. Indeed,
the MM polarimeter should be able of acquiring the full MM in the pixel dwell time by mean
in few microseconds and requires a very fast intensity modulation of the polarized light.

For wide field imaging, the solution has been found by using multiple electro-optics
devices in series such as Photoelastic Modulators (PEMs) or PC triggered with the camera
frame rate via a data acquisition (DAQ) board [53]. Briefly, the method is based on the
analysis of the time-variation of the intensity induced by the electro-optics effect. Thus,
the detected signal is a channeled spectrum represented in the Fourier domain by complex
modulation amplitudes at numerous frequencies. A 50 MHz FPGA counts the edges of
each PEM modulation signal and locks when a unique phase between all the four PEMs is
occurring within a short time in a nanosecond timescale. Then, the FPGA sends a trigger to
the CCD to gate the signal in 0.5 µs, giving a full image acquisition took in approximately
20 ms. Another approach consisting in dealing directly with the Fourier transform of
such modulated signal where the complex amplitudes are linear combinations of the MM
elements [54]. In this method, the common approach is to choose different PEMs with
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separated working frequencies. This kind of optical device is composed of a passive crystal
subjected to periodic mechanical stress, resulting in a time-varying birefringence due to the
photoelastic effect [28,55]. In numerous earlier works, polarization-resolved setups used
one PEM with an LP oriented orthogonally as a PSG for measuring the differential circular
polarized intensities [33,36,56]. Coupled with a lock-in detection at the reference frequency
of the PEM, the passive setup was able to provide few elements of the MM in order of tens
of kHz. In order to speed up the acquisition rate and the number of elements, common
solutions proposed to add another PEM in the PSA synchronized with the first one [57].
In recent works, this technique upgraded such a measurement by dealing with 3 and 4
PEMs [58]. The main advantage brought by adding multiple PEMs is that all the elements
of the MM can be retrieved without any mechanical moving part. Thus, this experimental
approach has been proven to be of interest for studying ultrafast conformational changes
in biopolymers [59,60]. For such a technique, the acquisition speed has reached 100 µs
(10 kHz repetition rate), very close to the pixel dwell time from any GS.

Even if the speed for acquiring the full MM image is fast, a new method for fast
polarization encoding has recently emerged and is based on spectral coding of polarization
(channeled spectropolarimeters) by using passive elements such as birefringent plates [61].
The principle is the parallelization of polarization states in the spectral domain so that
the polarimetric response of a sample can be calculated when using a single-channel
spectrum I(ν), where ν is the optical frequency. Each channeled spectrum I(ν) is periodic
and is composed of discrete frequencies from 0 to 12.f0 that are integer multiples of the
fundamental one f0. This last one depends on both the thickness e and birefringence ∆n
of the retarders by the relation f0 ∆ne/c, where c is the celerity of light in vacuum. Such
polarimeters have the potential to perform polarimetric scanning microscopy thanks to
their speed provided that the thickness ratio of the retarders is well-chosen [62]. The
first experimental snapshot Mueller polarimeter based on spectral coding of polarization
using a broad spectrum source (superluminescent diode), thick retarder plates, and a CCD-
based spectrometer [63]. At this early stage, the device was developed in a non-imaging
transmission configuration but recently upgraded for SLM polarization-resolved SHG [64].
The acquisition rate of this approach is limited by only the spectrometer performances
that can be high (hundred of MHz). Then, inspired by OCT technology, the technique
has been upgraded by using a wavelength-swept laser source, high order retarders, and
a single-channel detector [65]. The device uses a wavelength-swept source (SS) laser
instead of the broad spectrum source and a photodiode instead of the spectrometer, which
results in a much simpler optical setup as shown in Figure 3a. For instance, the PSG and
the PSA composed of simple polarization features (linear polarizers and retarder slices)
have been compacted in mechanical blocks with centimeter dimensions [31,66]. A single-
point Mueller matrix is measured at the rate of the SS, which could be hundreds of kHz.
This compactness allows for straightforward implementation on a commercial scanning
microscope and has been upgraded in transmission into a commercial SLM already use for
performing TPEF and SHG imaging [31].

In this work experiment, the fundamental thickness e was chosen to generate six
modulations at the frequency f0. This rather large spectral analysis window could be
reduced by using thicker retarders but at the expense of the number of samples per chan-
neled spectrum. The channeled intensity spectrum I(ν, t) is modulated by the polarimetric
fingerprint of the sample and can be expressed as

I(ν, t) =
n

∑
k=0

[
ak,t · cos

(
k

2π∆ne
c

ν

)
+ bk,t · sin

(
k

2π∆ne
c

ν

)]
(4)

where ak,t and bk,t are linear combinations of Mueller matrix elements mij. In the config-
uration resumed Figure 3b, the sum stops at n = 12 leading to 12 Fourier amplitudes in
real and imaginary part, giving finally 25 values used to retrieved the 16 Mueller elements
simultaneously. The same philosophy has been proposed also in a multimodal approach
for label-free cancer cervix study [67] by coupling MM wide field imaging with optical
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scanning OCT. Despite the extraordinary advantage offers by the speed of this technique,
an important assumption is that the sample is achromatic within the excitation wavelength
range. Additionally, the modeling of the instruments assumed that all the linear retarders
used do not present any diattanuation or depolarization. Thus, a precise validation of the
polarimetric properties of the sample should be done in the working spectral range. Finally,
thanks to the high speed rate and the spectral information that give access to numerous
measurable quantities at the same time, this method has been successfully proposed for
real-time imaging through an endoscopic approach [66]. The main issue of endoscopic
technique polarization-resolved is decoupling at any time the signatures of the sample
from the optical fiber polarization transformation.

Figure 3. (a) Block diagram of a MM SLM based on the spectral encoding/decoding of the polarization states from Reference [31].
(b) Schematic presenting the extraction of the MM images of the measured intensities images in the spectral approach. PSG: polarization
states generator. PSA: polarization states analyzer. Reti: retarder. Obj: microscope objective. GS: galvanometric scanner. TL: tube lens.
S: sample. PMT: photomultiplier tube.

We have summarized the typical performances reached by the methods presented in
this section in Table 1. Additionally, we have reported the acquisition speed for the 16 MM
images in Figure 4.
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Table 1. Main performances and capabilities of the single and multiple channel temporal MM acquisition (two first lines)
comparing to the spectral detection for recovering the full Mueller matrix image. The number of scan reported in the first
column referred to the minimal number for retrieving the the 16 elements of the MM image. The speed referred to the
lowest one for the method reported in the literature.

Num. of Scan Speed Advantages Disadvantages

Single detection 16 few mins Simple calibration
Cheap

Precise alignment
Active elements
Succesive scans
Post processing

Multiple detection 4 to 8 50 ms to 10 s Snapshot detection
Cheap

Precise alignment
Succesive scans

Heavy calibration
Spacy

Spectral detection 1 10 µs
Snapshot
Compact

Passive elements

Precise alignment
Heavy calibration

Complex modeling

Figure 4. Comparative acquisition speed for measuring the full MM images using the sequential/spectral approaches according to the
optical SLM architecture presented in the literature.

3. Mueller Matrix Applications

MM microscopy has proven to be a promising tool for a wide range of applications,
mostly used for biomedical diagnosis. It is explained by the need of imaging at a high
speed rate any tissue modification induced by the presence of a pathology in a non-invasive
way without any labelling process. Additionally, this research field required to investigate
at distance and from outside in vivo pathological signature in fast way. This has been
of interest for characterising micro-patterned structures and layered metasurfaces, that
requires a fast and an automatized process. For utilizing this technique from the biomedical
diagnosis into industrial applications, the MM imaging experimental architecture is almost
the same. The main difference comes from the interpretation of the polarimetric response
of the samples. Indeed, it is well stated that biological media exhibits stronger depolariza-
tion than solid-state structures due to the random organization overall the illumination
volume [11]. This leads to an arduous task in tracking the source of the contrast at a specific
depth, limiting this technique nowadays for the direct use in clinical applications, such as
for the histopathology.

3.1. Ophthalmology

As presented in the last section, the main application of MM microscopy using SLM
was devoted to ophthalmology. The main reason comes from the desire in finding an
alternative approach for diagnosing any pathology at rate faster than the eye motion similar
to earlier methods proposed by OCT imaging. Moreover, coupling with additional signal
processing, MM offers the reduction of the exposure time that limit the damage through the
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eye. Besides, it has been shown that in presence of pathology, the disorganization of thick
tissues exhibits strong modification in the birefringence and depolarization and MM has the
capability of quantifying these parameters. This explains that most of the incomplete MM
microscopes tends to track these only two parameters reducing the number of information
but accelerating the process for encoding/decoding the polarization states [68,69].

First, because the ocular media and the retina in the human eye exhibit rather compli-
cated polarization properties, every technique based on collecting the light scattered back
into the retina in double pass is affected by polarization. Second, another challenge for
such a system is the fast motion and optical properties in the living eye, required a high
speed rate encoding/decoding of the polarization states. Third, to avoid any damage, the
wavelength should be chosen wisely so as to reduce the radiation exposition and limit the
absorption that participates in reducing drastically the polarimetric SNR. Some images
obtained in the SLM configuration for MM are presented Figure 5.

Figure 5. Quantitative imaging of the full Mueller matrix for ophtalmology applications. (a) Degree of polarization images of the
retina for two different size of pupil. (b) Polarization parameter images of the optical nerve head. These images corresponds to
the normalized average intensity m00; linear retardance—RL; retardance orientation αR; depolarization index Dep; diattenuation D;
diattenuation orientation αD. and (c) Quantitative analysis of a rat cornea polarization resolved image. Top two rows correspond to
images at 10 and 70 µm depth while bottom row shows 3D volume of Second Harmonic Generation (SHG) and Two-Photon Excitation
Fluorescence (TPEF), and percent change. Adapted with permission from: (a) [44]; (b) [49]; (c) [52], © The Optical Society.
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One of the first application of MM has been proposed in 2000 that studied the influence
of the eye pupil size on the birefringence [70]. For limiting the exposure time but acquiring
a high number of image, the number of pixel is quite small. Furthermore for such an
application, the numerical aperture could not be high for investigating at distance the
medium limiting drastically the optical resolution. The quantification of the polarimetric
properties of the different part of the eye (optic nerve, macula, cornea and retina) is
shown in Figure 5b. As it can be noted in this application, the contrast distribution for
some parameters are completed blurred by the coupling effect of the back reflection and
highly scattering regions in the eye. This is challenging where tracking slight changes at
early pathological stages in a low SNR area is mandatory. Recent works in 2020 shown
in Figure 5c have successfully overcome this issue by acquiring the elementary MMs in
80 µm depth using a confocal approach [52]. This study has been performed on extracted
rat cornea in both transmission and reflection configuration. The main purpose was
to investigate the propagation of the polarimetric changes through a highly scattering
environment layer-by-layer induced by the random distribution of collagen and cells.
Additionally, with the purpose of tracking the source of the polarimetric contrasts, MM
imaging acquisition is coupled with non-linear imaging modalities and has been coupled
with Monte Carlo simulations. As expected, the study reveals that the depolarization
and retardance increase in depth and that a high polarization heterogeneity can be noted
in xy and z direction since the data collected correspond to average values through the
confocal volume. However, this heterogeneity in the polarization properties are not only
explained by the random distribution of the localized biological components, but also by
the influence of measured metrics, such as the glucose level in the blood. This results in
extremely challenging issue for decoupling the optical rotation from glucose from the pure
deterministic polarimetric response of the layered biological arrangement.

3.2. Biomedical Diagnosis and Tissue Organization

Recently, many works have been focused on developing MM polarimeter to investigate
the modification of the tissues induced by pathology at the cellular level [71–73]. Indeed,
MM offers the capability of tracking changes at distance in a non-invasive and label free
way since no high power is required for detecting the polarized light. Coupling with SLM,
a better contrast emerged from this technique, resolving sub-microscopic objects optical
properties giving the capability of quantifying pathologies at early stages.

Cancers induce drastic modifications in cells size and collagen organization. Actually,
the scoring of pathologies are performed by specialists and the accuracy of the analysis
in completely operator dependant. This is the reason that the recent emerging methods
proposed to automatize the measurements and the interpretation of the results through
statistical interpretation and machine learning. The approach is almost the same and
consists in measuring the associated physical changes to the cancer that exhibit strong
polarimetric effects comparatively to the healthy area. Thus, MM provides an interesting
method for imaging confined localized structures and bring quantitative methods for
staging the pathologies. It is the purpose of the applications proposed in Figure 6.

More particularly, the work in Figure 6i proposed a statistical approach for scoring
liver fibrosis biopsis by analyzing the retardance and depolarization parameters compared
to the SHG response. This pathology induces an accumulation of the type I and III fibrillar
collagen through the extracellular matrix in the hepatic tissue. The non-linear signal
erases from the anisotropic arrangement in the collagen structure and are correlated to the
retardance images as observed. Based only on this parameter, it is impossible to distinguish
the different arrangement in the collagen fibers, different from the random accumulation
in the fibrosis or from the organized collagen composing blood vessels. Based on a pure
visual interpretation, this can leads a bad scoring of the fibrosis. However, it is well stated
that the random distribution of deterministic objects (here pure birefringent) leads to
depolarization, MM gives the opportunity of discriminating the two kinds of organization
through this parameter. Furthermore, Figure 6ii shows that this discrimination can be done
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on the image extracted from the retardance orientation (i.e., birefringent fast axis) where it
is possible to follow the rotation of the fiber in space with high imaging contrast. It could be
of interest in the case the experiment requires the tracking of a specific polarimetric change
under certain conditions as it has be done for fixed zebrafish reported in Figure 6iii [45].
This work has proposed to acquire a detailed fingerprint at different developmental stages
and interpret all the MM parameters. This is key in understanding the morphological
changes of the animal during development. It has been shown that each parameters could
be use as a specific markers for local structures since the physical effects are reliable to a
dedicated structure and organization. For zebrafish, it has been proven than the imaging
contrast from Pd comes from the thickness heterogeneity while the R values erases from
the tissues and muscles.

Figure 6. Quantitative imaging of the full MM images for biomedical diagnosis. (i) Non-Polarized (NP), SHG, Retardance (R) and
depolarization index (Pd) images of stained surgical human liver biopsies (F0 and F4 Metavir grades). (ii) Retardance (R) and its
orientation (αR) image of a human liver biopsy. (iii) Polarimetric images of fixed zebrafish embryos and larvae at 4 hpf (hours post
fertilization), 24 hpf, 48 hpf and 72 hpf. The images (a), (c), (e), (g) correspond to the total collected intensity from the MM, which is the
m00 element. The images (b), (d), (f), (h) are images coded in Diattenuation (D), in Retardance and its azimuthal orientations αD and
αR, respectively. Adapted with permission from: (i) [74]; (ii) [31], © The Optical Society; (iii) [45], Scientific Reports, under a Creative
Commons license (http://creativecommons.org/licenses/by/4.0).

3.3. Material Science

Besides these main applications for the biomedical diagnosis, the characterization of
the full optical property of nanostructures at high speed rate and in a cheap way offered

http://creativecommons.org/licenses/by/4.0
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by SLM is suitable in real-world industrial manufacturing applications. The main chal-
lenge of this application is the capability of characterizing the sample at the nanoscale.
In polarimetry, most of the ellipsometers are dedicated for characterizing thin films in
microelectronics [75–77]. However, this approach is based on the analysis of the diffraction
pattern in widefield imaging and are compared with models using elementary decomposi-
tion of the MM [78,79].

The characterization of nanostructures has been widely studied by electron microscopy
or in a non-linear optical approach. These approaches provides valuable information
related to the sample conformation at the nanoscale but are based on the high power
light dose absorption and are invasive in term of sample preparation. MM has proven to
overcome these issues and its easy experimental implementation gives the opportunity of
tracking live polarimetric changes. One of the few examples in the literature related to in
vivo live imaging using SLM has been proposed in Reference [50] as shown in Figure 7a.

Figure 7. Quantitative MM images taken from material science applications. (a) Comparative study of the SHG images of hydrated and
dry starch granules after heating. (b) Linear retardance RL, and its orientation αR of a gabbro rock section. Adapted with permission
from: (a) [50], Scientific Reports, under a Creative Commons license (http://creativecommons.org/licenses/by/4.0); (b) [31], © The
Optical Society.

This work consisted in studying the polarimetric modifications of starch granule under
certain conditions (thermal, hydration level and temporal). Indeed, starch is of interest due

http://creativecommons.org/licenses/by/4.0
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to its easy, cheap availability and its concentric shell structure forms a natural photonic
crystal structure easy to model. In the past year, studying the starch structures has been of
interest since it is a major source of our daily diet and its conformation plays a significant
role for the quality of food. In this work, the denaturation and the phase transition after
a thermal change has been studied through the Degree of Polarization (DOP) Linear
(DOLP or Circular (DOCP) indicating that starch has a greater degree of ultrastructural
amylopectin order. It has proven that the degradation at the intramolecular level occurs in
hydrated starch whereas disruption of surface in dry only while no significant change of
polarization properties are observed at higher temperatures in case of dry starch. Thanks
to the wide range of parameters provided by MM, other physical quantities could be
use for interpreting crystal at the microscopic level as shown in Figure 7b. Conventional
polarization microscopy study the polycrystalline structures of rocks using simple cross
polarizers. It reveals the presence of different minerals by rotating the sample, resulting
in intensity changes which comes from the difference in birefringence and the thickness
of the crystals. The advantage of moving into an MM configuration is the capability of
quantifying the absolute value of D and as well as the orientation of the mineral without
moving parts.

4. Conclusions

Mueller matrix microscopy is an interesting label-free approach for understanding
the organization of any medium that demonstrate its potentiality in the many fields. This
technique has multiple advantages over other traditional optical imaging modalities, such
as being a versatile and flexible tool, with low complexity and low cost. More particularly,
we have presented some methods using miniaturized and passive encoding/decoding
modules of the polarization, easier to placed inside any microscope body. Thus, the use
of low power laser source and cheap photodetectors prove that this technique could be
an affordable tool by any research group. In this review, we presented the earliest and the
most advanced numerical models that have proven their accordance to experimental data.
We showed that the architectures are inspired by Mueller–Stokes setups simple to design
and build. However, at such scale, it could be arduous to identify properly the source of the
contrast since the polarimetric changes occur at every elementary layers in the illumination
volume. Additionally, switching from the single point configuration into an imaging
system is not straightforward, and different sources of optical artifacts could pollute the
measurements. These come from the polarization transformation through the whole optical
setup that alter the polarization quality and hide the true sample fingerprint. It becomes
even more challenging when all these sources of error have to be evaluated at rate fast
enough to be suitable with the scanning beam approach. Thanks to the recent advances
and demonstrations offered by the upgrade of the SLM, this approach shows its capability
to be easily implemented in different optical architecture, providing simultaneous diverse
source of contrasts. Furthermore, it is easy to imagine 3D real-time measurement in the
polarization-based imaging research field.
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Abbreviations
The following abbreviations are used in this manuscript:

MM Mueller Matrix
CCD Charge-Coupled Device
CMOS Complementary Metal–Oxide–Semiconductor
SLM Scanning Laser Microscopy
PSG Polarization States Generator
DOLP Degree of Linear Polarization
DOCP Degree of Circular Polarization
PSA Polarization States Analyzer
PSD Polarization States Detector
ECM Eigenvalue Calibration Method
CN Condition Number
EWV Equally Weighted Variance
PSF Point Spread Function
GS Galvanometric Scanner
OCT Optical Coherent Tomography
SNR Signal-to-Noise Ratio
RCP Right Circular Polarization
PC Pockels Cell
PMT Photomultiplier tube
DoA Division of Amplitude
LCVR Liquid Crystal Variable Retarder
TPEF Two-Photon Excitation Fluorescence
SHG Second Harmonic Generation
PEM Photoelastic Modulator
SS Swept-Source
DAQ Data Acquisition
FPGA Field-Programmable Gate Array
PMT Photomultiplier Tube
hpf hours post fertilization
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