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Abstract

This thesis focuses on the analysis of polarimetric techniques as valuable tools for the
inspection of biological samples. These methods benefit from taking advantage of
polarimetric response of samples, which can be englobed in three main physical features:
dichroism, birefringence and depolarization. Importantly, these polarimetric properties
can be linked to physical characteristics (such as composition, density, orientation...) of
samples, that in turn, are responsible for such polarimetric behavior. Advantageously, the
experimental obtaining of these features can be readily extracted from the experimental
measurement of their Mueller matrices, where the polarimetric information is encoded.
Note that the Mueller matrix measurement of samples is non-invasive and non-destructive,
making the polarimetric techniques we present in this thesis excellent candidates to be
applied for biological tissues imaging.

In literature, it is demonstrated that among these properties, the study of the
depolarizing behavior of biological tissues is especially suitable to characterize such
samples. In this context, the Indices of Polarimetric Purity show very good performance for
imaging purposes. In thesis, we make advances in the fundamental comprehension of the
information provided by the Indices of Polarimetric Purity as well as, their connection with
inherent structures within samples. Such fundamental knowledge is used to implement
polarimetric based tools helping for the identification and contrast enhancement of
biological structures. Additionally, other relevant depolarization parameters are also
investigated in this thesis in the framework of biophotonics applications, as it is the case of
some observables derived from the Arrow decomposition.

In particular we describe for the first time different origins of depolarization in samples.
To this aim, we conduct a series of simulations mimicking depolarizers based on different
polarimetric characteristics. This leads to the identification of two depolarization sources,
named anisotropic and isotropic depolarization. Whereas the first one is related to
statistical processes involving the polarimetric elements from which samples are composed
of, the second one is related to random scattering processes produced in light-matter
interactions, which led to a complete loss of sample polarimetric information. The
thorough understanding of such depolarizing mechanisms lead us to the implementation
of a digital depolarization filter that eliminates the isotropic depolarization content of



samples, highlighting the anisotropic one. The application of this filter on biological samples
yields to a significant image enhancement of relevant structures.

Taking profit of the filter potential for imaging applications, we apply it in the study of
animal and human brain samples. The analysis of filtered polarimetric channels lead to
excellent results in terms of structure identification when comparing with both
conventional polarimetric methods and commonly used medical techniques. As a result,
the depolarization filter presented in this work arises as an excellent tool with great
potential for in-vivo surgeries in the medical field and fundamental neurological research
and pathology detection.
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Chapter 1 Introduction

This thesis proposes an in-depth study of depolarization, one of the key polarimetric
features of samples. The interest in studying this property arises from the interesting
results when analyzing the depolarization characteristics of biological samples in terms of
contrast enhancement and structure identification. There exist in specialized literature
different polarimetric observables derived from samples Mueller matrix to extract the
depolarization information and in this thesis, we will analyze some of them. However, we
will focus on one set of depolarization parameters named the Indices of Polarimetric Purity
(IPP). The IPP are an excellent source of information when inspecting highly scattering
samples, as is the case of soft biological samples. In this work, we present an analysis of
each one of the indices comprising the IPP to find a connection between them and the
intrinsic physical properties (composition, densities, orientation...) of depolarizing samples.
In this sense, we performed a series of depolarizers simulations to study their
depolarization characteristics as a function of different physical control parameters. This
has led to the identification of two different depolarization sources in samples (isotropic
and anisotropic) which can be related to different physical processes leading to
depolarization, and also to different values for the IPP parameters. We found that isotropic
depolarization has the information of scattering processes in samples, while anisotropic
depolarization relates to intrinsic features of samples such as elemental composition and
structures orientation. This distinction enables to analyze samples separating these two
depolarization sources, anisotropic depolarization being a richer source of information. In
this thesis we also present a digital polarimetric filter to isolate anisotropic depolarization
leading to outstanding results in terms of the polarimetric visualization and analysis of
biological samples, surpassing the results of standard polarimetric techniques and other
common optical techniques. To conclude, we take advantage of these new polarimetric
tools for their application in the study of brain samples.
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In this introductory chapter, we present the scientific context in which this thesis is
framed. First, we provide an overview of various optical techniques commonly employed
in biomedical applications (section 1.1.1). Among these, the technique used throughout
this work is polarimetry; therefore, we review the current state of the art in medical
polarimetry (section 1.1.2).

Given that one of the central applications of this thesis involves polarization-based
imaging techniques for the study of brain structures, section 1.1.3 is dedicated to previous
research conducted in the field of polarimetry applied to brain studies. Additionally,
sections 1.2 and 1.3 outline the main objectives of this thesis and its overall structure,
respectively.

1.1 Optical technologies in the medical field

Light and light-matter interactions constitute a fundamental and valuable source of
information in science and technology. Optical technologies, based on light properties, are
very synergistic with current societal trends, including manufacturing,
telecommunications, digitalization, loT, big data, artificial intelligence or autonomous
transportation.

The fundamental physical properties of light, such as intensity distribution, spectrum,
phase and polarization, are modified thought light-matter interactions. In biomedicine,
optics and photonics play a key role in applications ranging from diagnostic imaging and
non-invasive procedures to surgical tools, biosensors, and augmented vision systems,
biomarkers, etc. Numerous biomedical techniques have been developed based on
measuring and interpreting changes in these fundamental properties of light, allowing the
study and characterization of biological tissue [1-3].

Among these properties, intensity is the most straightforward to measure. Many
biomedical imaging techniques and instruments rely on intensity-based contrast, including
magnifying glass-based systems in otoscopy and rhinoscopy, optical microscopies in
pathology and hematology, and confocal microscopy in cell research. Fiber optics are also
crucial for endoscopy and minimal invasive surgery [4,5]. Moreover, augmented reality is
increasingly applied in surgery, medical training, rehabilitation and patient education [6,7].

Spectroscopic techniques are also significant, as tissue responses vary with the
illumination wavelength [8,9]. The absorption and reflection spectra of different biological
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components make spectroscopy a vital tool for medical studies, and it is often combined
with other optical or medical systems[10-12]. For instance, the presence and
concentration of hemoglobin can be used to quantify the response to some cancer
therapies [13]. In addition, fluorescence-based methods are used in cytokinesis,
dermatopathology and optogenetics, among others.

Beyond spectral and intensity information, the phase information of light provides
valuable contrast in transparent and weakly scattering samples and can be of interest in
medicine. Techniques such as phase-contrast microscopy, interferometry and optical
coherent tomography (OCT) are widely used for clinical applications [14,15]. For instance,
OCT has become a gold-standard technique in ophthalmology in the detection of ocular
related pathologies; also, for vascular and neurological diseases, sclerosis, and drug-
induced retinopathies [16-18].

Complementarily, polarization state of light has also proved to be highly valuable in
biomedical applications. The dependence on the response of tissue to polarized light has
led to the emergence of polarimetry as a useful tool in medicine. The way polarized light
interacts with tissue—depending on structural anisotropy, composition, and
organization— has led to the development of polarimetric imaging techniques for diagnosis
and tissue characterization. Applications range from simple devices such as
dermatoscopes, used by dermatologists to assess skin lesions, to advanced techniques such
as the OCT or second harmonic generation microscopy in cancer detection [15,19,20].

In the next section, we focus on the role of the polarization properties of light in the
study of light-matter interactions and describe its applications across various disciplines.
We make special emphasis on the biomedical field, the central topic of this dissertation.

1.1.1 Polarimetry applications

Polarimetric based methods are a valuable and powerful tool in a wide range of
applications, as in astronomy, advanced materials characterization, biology, geology,
climate and environmental science, chemistry, pharmaceuticals, among others [21-25]. In
the following, we review some representative examples of applications in relevant fields
such as remote sensing, material characterization or botany. Moreover, we briefly
introduce the current state of polarimetric data-driven methods. Then, we focus more on
the use of polarimetry for biomedical applications, this being the aim of this thesis.

e Remote sensing

Polarimetry has been commonly used in remote sensing applications for enhancing or
detecting certain objects that are otherwise not identified by means of other conventional
imaging techniques [26]. Most remote sensing applications are based on passive
illumination, where samples are illuminated by sunlight. By analyzing how objects alter the
polarization state of the scattered light, it is possible to extract valuable information about
their physical and chemical properties. The combination of this technique with multi-
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spectral and multi-angle measurements are used to characterize aerosols (optical
thickness, size and distribution, chemical composition and particle shape), this being very
valuable for characterizing the health hazards of aerosols [27,28]. In addition, the
combination with lidar and radar techniques are used for atmospheric and oceanic remote
sensing [29-32] and classification of vegetation, smoke and urban objects in the remote
sensing of Earth [33—35], among others.

e Material characterization

The use of polarimetric techniques in material science is traditionally called
ellipsometry, polarimetry being a generalized ellipsometry. When combined with
spectroscopy, ellipsometry becomes a powerful technique for the inspection of optical
properties and thickness of various materials, with widespread applications in crucial areas,
including the characterization of thin films, surfaces and interfaces. Spectroscopic
ellipsometry analyzes the change in the polarization state of the incident light after its
interaction with the sample, deriving from this information essential parameters [36]. For
instance, ellipsometry can determine critical parameters such as layer thickness,
composition and optical properties in the semiconductor industry [37]. Moreover, in thin
film characterization also plays a crucial role in various industries such as microelectronics,
photovoltaics, optical coating and sensors [23,38,39].

e Botany

In botany, polarimetry has been mostly used to study dichroic and birefringence
properties of plant samples. The inspection of these polarimetric features in imaging
polarimetric techniques provide enhancement and detection of structures in the
plants [40—44]. Dichroism metrics can reveal concentration and organization of plants
organelles and the detection of specific molecules. Birefringence is produced by some
structures and macromolecules such as cellulose and allows us to investigate cell wall
composition, among other characteristics [45,46]. More recently, depolarization response
of plant samples has been studied, demonstrating their ability to highlight different
structural components [43] and for the detection and classification of different
pathological stages in the samples [41]. The structural changes occurring in the plant when
is affected by different stages of a pathology (healthy, chlorotic and necrotic) are translated
into different depolarization responses, presenting depolarization inspection of vegetal
samples as a tool for pathology inspection.

These promising results in the use of imaging polarimetry to study botanic samples lead
to the development of set-ups for the direct measurement of the plants in crops for
monitoring [47]. This could help in the future to prevent the infections in crops by means
of early pathology detection or monitoring water content of the plants and therefore aiding
to reduce the number of pesticides or water needed to maintain the crops. That is,
providing environmental and economic benefits.
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Figure 1-1 Polarimetric analysis of olea europea sample. (a) Polarimetric observable image
with healthy and unhealthy regions marked, (b) and (c) scatter plots of points correspondent
to the different regions of the leaf in the Purity and Components of Purity Space, respectively.
Image adapted from [41].

e Data-driven methods: Machine Learning

We have described some of the numerous applications of polarimetry. Lately, the
appearance of machine learning, based on the use of large datasets to extract features of
samples, has become an essential tool in various fields representing a transversal research
area. In this sense, the combination of polarimetric information and data-driven algorithms
have opened new perspectives in the applications of polarimetric techniques for tasks as
above described.

Traditionally, image analysis has relied on intensity images. However, integrating
polarimetric data has demonstrated great performance when included in detection or
classification algorithms. For instance, in urban object classification by including
polarimetric data the results are improved even in adverse weather conditions [48,49].
Medical diagnosis techniques such as the inspection and characterization of features in
pathological samples and damaged tissue inspection [50-53]. Also, fields such as industrial
quality inspection [54,55] and remote sensing [56,57] are proactively using polarimetric
data in their machine learning models.
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Figure 1-2 (a)-(f) Intensity (left), phase retardation (middle) and histology (right) images of
healthy and pathological human skin. (g) and (h) Accuracy, sensitivity and specificity at each
iteration of the classifier process; (g) based on only intensity features and (h) using both
intensity and phase retardation information. Image adapted from [51].

In [51], they acquire data from 42 samples for the detection of basocellular carcinoma,
using OCT techniques measuring both intensity and phase. In addition to this information,
they also have histological images to identify the regions with tumor. In Figure 1-2 (g) they
show the results of training a Support Vector Machine classification model using only
intensity information and (h) shows the results of the models where phase and intensity
information were combined, leading to the best results.

In the next subsection we focus on the applications of polarimetry in the field of
medicine, which represents the major focus of this thesis.

1.1.2 Polarimetry in biomedicine

Polarimetry presents valuable advantages for the inspection of biological tissue in the
biomedical field. The non-invasive and non-destructive nature of these techniques makes
it suitable for several biomedical applications. Since polarimetric images do not require
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physical contact or chemical alteration of the sample, it enables complementary medical
analyses—such as histology—to be performed on the same tissue. Furthermore, most
polarimetric systems employ “cold” light sources, harmless to patients, allowing the use of
polarimetry for in-vivo examination during intra-operative procedures.

Biological tissue, especially bulk soft tissue, has very interesting polarimetric response.
Spatial variations of the components of a sample due to different densities, orientation or
components of the structures comprising the tissue will have characteristic polarimetric
responses leading to contrast enhancement and the detection of structures invisible with
naked eye or other common optical techniques. In the following, we present the relation
between physical characteristics of the biological samples leading to response in the
polarimetric channels (dichroism, birefringence and depolarization).

The most common polarimetric effects observed in the polarimetric analysis of tissue
samples are retardance and depolarization. The composition and organization of tissue are
very commonly made of fibrous components, such as collagen and elastin [58,59], leading
to retardance response. In addition, the microstructure of samples and the
instrumentation led to an important depolarization response. Also, dichroism can be an
interesting channel for some biological samples, but it is not commonly used due to the
weak response of tissues.

e Dichroism in biomedical samples

Polarimetric observables related to samples, as diattenuation and polarizance, present
weak response in biological tissue. Therefore, they are not commonly used in the study of
biological samples [60]. Even though, they have demonstrated to be helpful for some
applications such as tissue classification [52,61]. In addition, diattenuation has recently
been used for the study of brain tractography [62]. Also, dichroic properties are of interest
in the study of plant samples, helping in the detection of chloroplasts and related
organelles in plant species [45].

e Birefringence in biomedical samples

Retardance, a measure of birefringence, is a central polarimetric parameter in
biomedical imaging [63-68]. Biological tissues are collagen rich structures and collagen
fibers are birefringent materials. The retardance channels are related to collagen density
and orientation. This determines the magnitude, direction, and alignment of birefringence
in biological tissues. For instance, the relationship between collagen organizations and
birefringent properties has been used to detect and monitor the progression of various
types of cancer [69,70]; also, nerve fibers and certain proteins also exhibit significant
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birefringent responses [71]. In [72], Nielsen P. M. group, use the birefringent properties to
study bovine pericardial membranes used in valvular prosthesis. The measured retardance
maps enabled non-destructive evaluation of crucial tissue characteristics such as tissue
uniformity that allows to detect regional variations of anisotropy that could be dangerous
for prothesis performance (see Figure 1-3).
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Figure 1-3 (a) Linear retardance (first row) and fast axis orientation (second row) for the bovine
pericardium sample mounted in a uniaxial tester at stretch ratios of 1 and 1.5. (b) Histograms
distributions of the region correspondent to the black-dashed rectangle for both stretch ratios.
Image adapted from [72].

e Depolarization in biomedical samples

Depolarization was initially understood as a characteristic with little value in biomedical
applications and often regarded as noise to be minimized. In the past decade, studies have
shown that the depolarizing properties of a sample contain valuable information. It reflects
microscopic structural disorder, scattering strength, and compositional inhomogeneities in
tissue. In this context, due to the high scattering response of biological samples and the
structural changes that occur in tissues during many pathological processes, depolarization
has become a powerful tool for studying and characterizing various human diseases [73—
77]. For example, changes in tissue cellular concentration associated with the progression
from pre-cancerous to cancerous states can be assessed through depolarization
variations [75]. Similarly, alterations in anisotropy and orientation disorder have been
directly linked to pathologies such as myocardial infarction [73] and different cancer stages
in tissues like ex-vivo human colon, skin, cervix, and larynx [74,75,77]. Therefore, the
anisotropic properties of samples can be correlated with specific pathological stages. In this
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regard, depolarization metrics derived from experimental Mueller matrix measurements
have proven to be valuable for such diagnostic applications. In [67], they use the study of
depolarization features of samples for the early detection of abnormal tissue morphology
aiding tissue characterization and diagnosis of ductal carcinoma, an early stage of breast
cancer. They study show the degree of depolarization (DoP) and the degree of linear
depolarization (DOLP) for both healthy and pathological tissue correspondent to breast
sections. In Figure 1-4 the results show the different responses in DoP and DOLP for normal
and tumorous tissue. This information is used to train Machine Learning models for the
early detection of this pathology.

Figure 1-4 Depolarization parameters of healthy (a, b) and tumor (c, d) regions of ductal
carcinoma sample. Image adapted from [67].

The mentioned characteristics -dichroism, retardance and depolarization- are useful in
the inspection of biological tissue to achieve contrast enhancement and the detection of
regions within samples that cannot be detected by common imaging techniques. In
addition, it is worth noting that the spatial variation observed in the response of different
tissue regions is linked to specific physical characteristics of the tissue structure, such as
differences in composition, density or orientation of its components. Importantly,
pathological changes in tissues often alter their structural organization, which in turn
affects their polarimetric response. Several studies have demonstrated not only the
capability of polarimetric channels to detect pathologies but also to detect them in early
stages, when other techniques are not able to detect them. In the following, we present
different imaging optical techniques used in the medical field where polarimetry can play
an important role.

There exist some very common techniques in medicine where polarimetry plays a key
role. For instance, dermatoscopes are well-established tools for dermatologists. The
newest generation of these devices are comprised of a light source, a magnifying glass and
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crossed polarizers. This device is used in the context of general dermatological disorders,
including inflammatory dermatosis, pigmentary dermatosis, infectious dermatosis, and
disorders of the hair, scalp and nails, among other [19,78]. In addition, microscopy with
cross-polarizers is a standardized method in medicine, it allows to analyze features in
tissues without the necessity of dyes or labels [79].

In recent years, a variety of medical imaging diagnosis instruments have incorporated
polarization-based optical techniques. In this framework, we can cite very common
medical techniques where optics play a key role: Optical Coherence Tomography (OCT),
endoscopy, multispectral imaging, mass spectrometry, glucose detection, Ramman
spectroscopy and different types of microscopies (fluorescence, confocal, second harmonic
generation,...) [80]. Some of them are already being applied, others are in clinical trial or in
the experimental phase.

In the following, we present a more detailed discussion of some of the cases mentioned
in the previous paragraph, due to their relevance in the medical field and their potential
impact when combined with polarimetric methods: (1) Optical Coherence Tomography, (2)
endoscopy, (3) multispectral imaging, and (4) microscopy.

1) Optical coherence tomography performs high resolution cross-sectional imaging; it

can provide cross-sectional images of tissue structures on the micron scale in situ and real
time. This technique has shown its potential in biomedical and clinical
applications [14,15,17,18,81]. For instance, some applications of OCT in clinical research
are in retinal disease, coronary atherosclerosis, aiding during cancer interventions and the
study of bones, muscles, tendons and skin imaging. Then, also imaging of cardiac and
vascular tissue has shown good performance. In addition, clinical polariscopes is an
ophthalmic device that utilizes birefringence analysis to assess corneal structure, helping
in the diagnosis of conditions such as keratoconus and cataracts [82,83].

A more advanced technique, polarization sensitive optical coherence tomography (PS-
OCT), enables depth-resolved imaging with polarization information. This technique has
demonstrated its utility in a vast range of applications: ophthalmology, dermatology,
oncology, cardiovascular imaging and neuroimaging, among other [15,84]. PS-OCT is used
in clinical research for some applications in ophthalmology, coronary atherosclerosis and
the lungs. More applications are in the preclinical phase and await integration into
commercial instruments. PS-OCT stands out as a versatile functional extension of OCT that
requires relatively minor hardware modifications, providing a powerful qualitative and
guantitative polarization-based imaging. As an example, in Figure 1-5 we can see the
difference between the conventional OCT image (a) and the results obtained from PS-OCT
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(b)-(d) where the regions of healthy and pathological (basal cell carcinoma; BCC) tissue can
be identified [85].

Figure 1-5 PS-OCT of cancerous tissue. (a) Intensity information, (b), (c) and (d) phase and
depolarization information from the PS-OCT of basal cell carcinoma in human skin. Adapted
with permission from [85] © Optical Society of America.

2) Polarimetric endoscopy is also an emerging technology, offering enhanced tissue

contrast by detecting changes in surface polarization properties—showing promise in the
early detection of gastrointestinal cancers and precancerous lesions. The addition of
polarization in endoscopy can be very helpful for adding birefringence and depolarization
information in diagnosis. This helps to improve the visualization of fine microstructural
features in superficial tissues. The integration of polarization capabilities into endoscopes
is relatively straightforward in the case of rigid endoscopes, as it requires minimal
modifications to commercially available systems [86]. However, since rigid endoscopes
limit the possible medical applications of this technique, there are several trials for the
inclusion of polarimetry in flexible fibers [87,88]. In [89] they show the use of a polarimetric
endoscope for the assessment of surgical polarimetric endoscope (SPE) in an in-vivo
laryngectomy case, showing the potential of this apparatus in the laryngeal cancer
detection (see Figure 1-6).
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Intensity

Intensity Retardance Intensity Depolarization

Figure 1-6 (a) Intensity image of the larynx (b), (c), Retardance and its intensity-reference image
of the larynx. (d), (e) Depolarization and its intensity-reference image of the larynx. (f),
Magnified images of the cancerous and normal vocal cord (for those of the supraglottis). Image
adapted from [89].

3) Multispectral polarimetric imaging combines spectral information with polarization.

The combination of spectral and polarization data enables the visualization of biological
structures and lesions that can be hard to discern with conventional methods.
In [84,90,91], they have shown the usefulness of this method for the analysis of brain
samples.

For instance, in Figure 1-7, Conde Portilla’s group study different regions of lamb brain
by multispectral polarimetric technique. In the figure, they present the results of one of
cerebral hemisphere for depolarization and retardance. They inspect different recognized
regions within the brain with the aid of depolarization and retardance characteristics
including multispectral information, obtaining very interesting results in terms of structure
identification.
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Figure 1-7 (a) Depolarization and (b) retardance images of lamb brain for different wavelengths.
(c) Shows the boxplots for both polarimetric observables for different wavelengths from 450
nm to 680 nm. Each color indicates a different region in the brain. Image adapted from [84].

Finally, the inclusion of polarization in 4) microscopy also enables contrast

enhancement and structure detection in biological tissues. The addition

of polarization in

different microscopy techniques adds information of polarimetric related properties such

as birefringence, dichroism and depolarization. As previously mentioned, conventional

polarized light microscopy is broadly used for diagnosis purposes, for instance, in the
identification of birefringent crystals that can be indicators of gout [92] or assessing

histological analysis [93]. In addition, more advanced polarimetric techniques have been

introduced in microscopy devices. For instance, the addition of polarimetric features to
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confocal scanning laser microscopy, Confocal Scanning Laser Polarimetric Microscopy

(CLSM), allows to add information about the spatially resolved structure of the sample
including polarimetric characteristics to the conventional microscopy information.
Moreover, as demonstrated in several of the presented examples that incorporate
polarization, the measurement of polarimetric features has contributed to enhanced
contrast. Some examples are shown by Wang et al. in [94], where CLSM has allowed to
perform visualization of cytomembranes and image amyloidosis, also Gareau et al. in [95]
image melanoma in malignant tissue. Additionally, Second Harmonic Generation
microscopy (SHG) is used for non-invasive high-resolution imaging in different kinds of
biological samples, for instance, the visualization of bone, skin or cornea [96-98]. The
implementation of Polarization sensitive second harmonic generation microscopy (PSGH)

allows to measure the resulting SHG signal as a function of polarization. This can reveal
orientation and structural properties of anisotropic molecules like collagen, myosin, or
microtubules. In the literature we can find applications of PSGH in collagen studies for
cancer detection [98,99], hepatic and pulmonary fibrosis, osteoarthritis, and investigation
of muscle contraction dynamics, among others [80]. Therefore, PSHG offers impressive
results and presents itself as a technique that can enable automated cancer diagnosis and
earlier diagnosis of pathologies.

Normal

Pathological

Figure 1-8 Healthy (first row) and pathological images for breast tissue samples sections. (a)
Microscopic histological images, (b) standard SHG images and (c) PSHG images. Image adapted
from [20].
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Figure 1-8, presents the results for healthy and pathological breast tissue samples. (a)
Shows the histological image, (b) the correspondent SHG image of the black squared
indicated in (a) and (c) displays polarization information obtained from the PSHG. When
comparing normal (first row) and pathological (second row) results, the polarimetric
parameter presents more yellow pixels, whereas the health has more blue pixels, showing
that the collagen in normal breast tissue has lower values than for malignant. Therefore,
the addition of polarimetry to SGH leads to a detection of slight changes in tumor
development.

Fluorescence Emission

©) P

0.00

Figure 1-9 Standard (first row) and polarimetric (second row) fluorescence emission
microscopy images of breast healthy ((a) (b) (d) (e)) and cancerous ((c) (f)) cells. Image adapted
from [100].

In addition, polarization was also added to other microscopy techniques such as
fluorescence, total reflection, optical scanning or nonlinear microscopy [100-103]. As an
example, in Figure 1-9 the fluorescence emission images are shown; the first row
corresponds to standard fluorescence microscopy and second row to fluorescence
polarization microscopy (Fpol). Images of different normal ((a), (b), (d), (e)) and cancerous
((c), (f)) cells are shown. The Fpol images demonstrate notable differences between the
healthy ((d), (e)) and the pathological cells ((f)).

Itis also noteworthy that a recent advancement in medical technology has incorporated
polarimetric information: the development of a portable hybrid colposcope, designed as a

snapshot Mueller matrix polarimeter, by Ramella-Roman’s group. Colposcopy tests are
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medical devices used as the first step in cervical cancer screening, which consist of
collecting epithelial cells from the cervix and examining them under microscope. However,
it is difficult to correctly locate the possible affected regions, and this usual implies a low
sensitivity and specificity. The hybrid colposcope device or Mueller polarimetric colposcope
can be used as a conventional colposcope and provide reliable polarimetric images, making
the location of the possible pathological regions easier with the aid of polarimetric
information [104]. In Figure 1-10 they demonstrate the performance of the polarimetric
information obtained with the hybrid polarimetric colposcope in the inspection of two
cervix samples. Zones 1 and 2 correspond to normal cervix, while zone 3 is the pathological
part where the polyp is located. Both in the polarimetric images ((b)-(i)) and in their
correspondent histograms show a clear contrast between the healthy and pathological part
of the tissue, demonstrating the utility of the proposed device for the cervix

inspection [105].
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Figure 1-10 Comparison between the intensity (first row) and polarimetric (depolarization,
second row and retardance third row) images of in-vivo uterine cervix 1 and 2. (i)-(k) show the
correspondent histograms of intensity, depolarization and retardance images of both samples.

Image adapted from [105].
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Summarizing, these instruments present the importance of polarization optics in
advancing polarimetric diagnostics. Some of these instruments or methods have already
reached the clinical stage while others are in active research or early development, facing
the challenges of integrating polarization-based technologies into medical practice.

1.1.3 Polarimetry in Neurological Applications

As previously mentioned, one of the central pillars of the polarimetric knowledge and
methods developed in this thesis is their application to the study of brain structures. For
this reason, in the following subsection, we aim to present the current state of the art
regarding the techniques currently used for the characterization of this biological organ.

The brain can be divided into two main regions: gray matter (gm) and white matter
(wm). Gray matter (gm) is a 2-4 mm thick outer layer of the brain, conformed by cell bodies
of neurons and is organized in six sub-layers, each with distinct functions related to sensory
processing, motor control and cognition. In contrast, white matter (wm) is a more fibered
structure composed of a large number of axons linked together that form fiber tracts and
it connects different gm regions. The different fiber tracts are related to different brain
functions, such as memory, vision, smell, voluntary movements, among others. The study
of white matter is highly valuable for understanding brain connectivity and for the diagnosis
of neurological disorders. For instance, abnormalities in white matter are associated with
conditions such as schizophrenia, chronic depression, bipolar disorder, Alzheimer’s
disease, among other [106,107]. In the case of gray matter, its study is essential for
understanding brain processes related to sensory and motor information. In addition, gm
analysis is especially useful in the early detection of neurodegenerative diseases like
Alzheimer, semantic dementia and some types of epilepsy [108].

Both fundamental research on specific brain regions and the study of brain pathologies
— such as tumors and neurological disorders — remain active areas of investigation
because of the challenges of studying the brain in-vivo. Interestingly, the variety and
complexity of brain tissue structures lead to very interesting polarimetric properties.
Recently, polarimetric imaging has emerged as a useful tool for inspecting brain pathology
and microstructure, particularly due to its sensitivity to anisotropic optical properties
related to fiber organization (for the case of wm) and cell composition (for the case of gm).
In addition, the sensitivity of polarimetry to structural changes has led to potential results
in pathological detection in brain tissue [109].

Currently, only a few groups are working in this field (polarization applied to the study
of brain structure), and thus, its full potential remains largely unexplored. In literature we
can find very promising results not only in terms of structure identification for fundamental
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analysis but also the first trials to adapt polarimetric technologies for surgery assistant
environments. In the following, we will present a brief review of the latest results in the
use of polarimetry for brain analysis.

(a) fiber direction
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(b) o fiber direction
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Figure 1-11 (a) Fiber direction map for a vervet brain sample obtained by the polarimetric
measurement in [113]. Smaller rectangles marked with 1, 2, 3 indicate the regions for which the
vector maps are visualized in (b): corpus callosum (cc), corona radiata (cr), cingulum (cg), fornix
(fx), gray matter (gm). Image adapted from [113].

The study of wm directionality has been addressed by several research groups, primarily
studying the birefringence properties of the myelinated axons comprising wm. This study
helps not only to the pathway mapping of white matter in brain, this being a fundamental
study in medicine, but also to the possible detection of neurological pathologies directly
related to wm directionality and functionality. Imaging polarimetry has been extensively
used to study fiber orientations, comparing the results with known anatomical trajectories.
For instance, Menzel et al. in [62] proposed a method based on the study of birefringence
to improve angular precision in the study of birefringence; wide-field Mueller matrix
polarimetry has also shown promising results in mapping white matter directionality in
thick, unstained sections [110-112]. In addition, in [90] they have demonstrated that these
methods outperform common medical techniques such as diffusion MRI in spatial
resolution, highlighting their capability to resolve microscale directionality features in
complex regions of the brain. More recently, Heiden et al. in [113] they developed a high-
speed scattering polarimeter that integrates 3D-PLI with Combined Structured Light
Imaging (ComSLl), enabling precise mapping of fiber crossings and orientation dispersion
in both human and primate brains (see Figure 1-11). In addition to the study of wm, the
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information given by the polarimetric studies of the brain result in a contrast enhancement
between structures of the brain difficult to detect by means of other
techniques [84,112,114].

Tatiana Novikova’s group and collaborators have performed extensive research in the
use of wide-field Mueller matrix polarimetry for brain analysis. In [115], they
demonstrated the correlation between the azimuth of the optical axis and histologically
validated fiber tract orientation in fixed and fresh brain samples, highlighting the capacity
of polarimetry for label-free identification of white matter structures relevant to tumor
margin detection. In addition, they perform studies in ex-vivo samples under surgery-like
conditions confirmed that the technique remains robust even in the presence of factors
such as surface irregularities, blood, and topographic complexity, maintaining accurate
orientation mapping of fiber tracts [111,116]. Finally, they introduced a near real time, Al-
driven process that vyields high-quality fiber orientation maps compatible with
intraoperative neurosurgical workflows [117].

Figure 1-12 Top and bottom rows correspond to healthy and pathological brain samples,
respectively. Low quality (LQ), high quality (HQ), polarimetric denoising diffusion network
(PDDN) and Super high quality (SHQ) images of both samples show the potential of the
polarimetric technique proposed in [117] for its use in real time medical applications. Image
adapted from [117].

Additionally, our group has explored the use of depolarization and birefringent channels
for biological tissue inspection, and the studies have yielded to very promising results in
the detection of brain structures (see Figure 1-12). In [118], we describe for the first time
the presence of two depolarization sources in samples, that we label as isotropic and
anisotropic depolarization. Following this study, we introduced a polarimetric filter which
allows to isolate only the anisotropic part of depolarization, containing the information of
the microscopic structure of samples. After the application of this filter, the results of wide-
field Mueller matrix polarimetry in high depolarizing samples, including brain samples,
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yields to excellent results in terms of tissue discrimination and structure unveiling in brain
samples, surpassing both common optical techniques and conventional polarimetric
imaging [110,112]. The preliminary results presented in the mentioned articles were
performed in animal samples, in this thesis we extend this study to human brain samples.

Summarizing, polarimetry provides a complementary and often unique perspective of
neural tissue organization and pathology. The integration of this technique in medical
imaging and computational models paves the way for advancing both basic neuroscience
and clinician practice. The integration of polarimetric systems into in-vivo and minimally
invasive settings could open novel frontiers for brain imaging, intraoperative decision-
making and pathological detection.

1.2 Main goals of this thesis

The use of polarimetric imaging techniques in biological samples gives excellent
results in terms of enhanced samples imaging and structure unveiling. The main goal of this
thesis is to present a comprehensive and in-depth study of depolarization, one of the
polarimetric characteristics of samples, for its application in the study of biological tissues.
Some of the main goals of the thesis are listed below:

1. Deep study of depolarization sources of samples: to establish a connection

between macroscopic polarimetric measurements (specifically the Indices of
Polarimetric Purity) and the underlying microscopic depolarization mechanism. This
provides a methodology for interpreting the physical origin of depolarization in
different samples, distinguishing two depolarization sources: isotropic
depolarization (associated with multiple scattering) and anisotropic depolarization
(linked to intrinsic structural properties).

2. Use of new Arrow decomposition derived polarimetric observables: to design and

implement a novel polarimetric imaging approach based on the Arrow
decomposition of Mueller matrices, enabling enhanced spatial characterization of
biological tissues. This methodology yields significant improvements in contrast and
structure detection compared to conventional Mueller matrix imaging, particularly
in the context of biological tissue inspection.

3. Development of the Isotropic Depolarization Filter (IDF): to isolate the

depolarization sources, isotropic and anisotropic. Anisotropic depolarization
contains the intrinsic information of samples, whereas isotropic is related to multiple
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scattering processes that veil structural information in polarimetric measurements.
The isolation of both sources by the application of the IDF allows to obtain highly
improved results when compared with standard polarimetric observables.

4. Application of the IDF for the study of biological medical samples: to demonstrate

the practical utility of the IDF in the analysis of biological samples, particularly in
medical imaging. The filter highly improves image quality in terms of contrast
enhancement and structure detection. These advances open promising avenues for
the non-invasive polarimetric study of brain tissues, including the study of white and
gray matter.

1.3 Structure of this thesis

The outline of this thesis is as follows:

In Chapter 2, we explain in detail the mathematical formalism used in this thesis to study
the interaction between polarized light and matter. In particular, we describe the Mueller
Stokes formalism which allows us to describe partially and totally depolarized states and
polarimetric samples. In addition, we also provide several decompositions of the Mueller
matrices for the study of the polarimetric characteristics of samples related to the physical
properties of samples.

Chapter 3 is divided in two main sections; in section 3.1 we describe the experimental
set-up of the Complete Mueller matrix Image polarimeter used to obtain the experimental
Mueller matrices of samples shown in this work. Then, in section 3.2 we also provide a
detailed explanation of the physiological characteristics of the biological samples inspected
through the following sections of this manuscript.

Afterwards, Chapter 4 focuses on the study of the depolarization sources of samples. To
do so, we perform a series of simulations to analyze the effect of the depolarization sources
in the Indices of Polarimetric Purity. In section 4.1 we provide the detailed explanation for
the obtention of the different depolarizers by means of pure diattenuators, pure retarders
and the combination of both, where the value of P; is always equal to 1. Section 4.2
includes the depolarizers simulations with P; < 1. Finally, we also provide some
experimental proofs for the simulations and a visual interpretation of the simulated results
in the Purity Space.

Chapter 5 is divided into two sections. The first section presents the implementation of
a digital filter (the isotropic depolarization filter) to the Mueller matrix, separating the
depolarization sources. We also inspect the effect of the application of this filter in the
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polarimetric observables and polarimetric spaces described in previous sections as well as
a visual interpretation of the filter in the polarimetric spaces. Then, the second section
shows the effect of the filter application in real biological samples, comparing the results
obtained with standard polarimetric images and the filtered ones.

Chapter 6 is devoted to the application of the isotropic depolarization filter in the
inspection of brain samples. We present results obtained from animal brain samples,
focusing on the study of white matter regions, as well as from human brain samples, where
the application of filtered polarimetric data has led to an excellent identification of
different regions within gray matter. We also describe the potential of the detection of
these structures for possible applications in medical and neurological applications.

Finally, the conclusions of the present work are summarized and a proposal for future
research is presented.



Chapter 2 Mathematical formalism

This chapter presents the mathematical formalism used in this thesis to describe the
light-matter interactions in terms of their polarimetric response. The mathematical basis
of this study is the Mueller-Stokes formalism, where the polarimetric characteristics of light
can be described by means of the Stokes vector and the polarimetric response of samples
is encoded in the Mueller matrix (M).

First, the concepts related to the Mueller-Stokes formalism are described in section 2.1.
In particular, Stokes vector and related Poincaré Sphere are presented in subsections 2.1.1
and 2.1.2, respectively. Next, in subsection 2.1.3 the Mueller matrix main characteristics
are presented. In section 2.2 we deeply analyze M, introducing different matrix
decompositions, such as, the block form (sec. 2.2.1), Parallel decomposition and Serial
compositions (sec. 2.2.2 to 2.2.4). These decompositions allow us to obtain polarimetric
observables related to dichroism, birefringence and depolarization. All the polarimetric
observables obtained are summarized in section 2.2.5. To conclude, in the last section 2.3
we present two 3D polarimetric spaces, generated by triplets of polarimetric observables,
the Purity Space (generated by the Indices of Polarimetric Purity) and the Components of
Purity Space (generated by the Components of Purity) which are useful tools for
depolarizers visualization and discrimination.

2.1 Mueller-Stokes formalism

Polarization is a fundamental property of light related to its vectorial nature, describing
the behavior of light when it propagates. The description of polarized light and the result
of its interaction with matter can be described by using different mathematical approaches.
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Historically, different formalisms such as the Jones calculus [119], based on the complex
components of the electric field, the Bareman formalism [120], which considers the
magnetic field, or the Mueller-Stokes (M-S) formalism [119,121] based on light flux
measurements, were used to describe this characteristic, among others. For the framework
of this thesis, the study of the interaction between polarized light and biological samples,
the most suitable approach is the M-S formalism. In contrast with other formalisms, this
approach is valid when working with depolarized or partially polarized light and is based on
magnitudes that can be easily measured in the laboratory.

2.1.1 Stokes vector

In 1852, Sir George Gabriel Stokes discovered that the polarization nature of light could
be represented in terms of observables [122]. He described the four terms comprising the
Stokes vector (§) as four measurable quantities known as the Stokes polarization
parameters (S, S1, 52, S3). These parameters are derived from statistical treatment of the
polarization ellipse [123], based on the amplitudes of the electric field, that can be
experimentally obtained by means of radiometric measurements:

So lye + Igge

S — S1 _ Igo — Igoe (2-1)
S, 450 — I1350
S3 Ir — 1

where Sjis associated with the total intensity of the light beam and S;, S, and S;
parameters state for the fully polarized content of the beam. In particular, S; corresponds
to the amount of light with horizontal (0°) or vertical (90°) linear polarization, S, indicates
the light polarized in diagonal (45°) or anti-diagonal (145°) linear polarization and, S5
represents the amount of light correspondent to right-handed or left-handed circular
polarization. The values of these parameters are obtained by means of different intensity
measurements: lye, Iggo, I450, I1350,Ig, I, corresponding to the amount of flux light
polarized in horizontal, vertical, diagonal, antidiagonal linear polarization and right-handed
and left-handed circular polarization, respectively.

Moreover, when the light beam contains certain depolarization content, the relation
So > +/S? 4+ S2 + 52 is accomplished, and it can be quantified by using the degree of
polarization (DoP) metric, that can be calculated as follows [124]:

JSZ+ 52482 (2-2)

DoP = )
So
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where a fully polarized light beam corresponds to a DoP = 1 (S, = 1/S? + S + 52 i.e., all
the intensity of the light correspond to different polarization sates), a totally unpolarized
state is represented by a DoP =0 (/SZ + S2+ 52 =0 (i.e., none of the measured
intensity correspond to polarized light), and a partially polarized state have values 0 <

DoP < 1(0 <+/SZ+5%+S2 <S5, (i.e., only part of the light is polarized).

In addition, these parameters can be normalized to eliminate the intensity dependence
of the beam and compare the polarization characteristics of SoPs with different intensities.
So, to eliminate the intensity contribution to the Stokes vector parameters, each of the
elements is divided by S, and we will note it as (s4, Sy, S3).

2.1.2 Poincaré Sphere

In 1982 Henri Poincaré introduced the so-called Poincaré Sphere [125]. This sphere
contains the graphical representation of any physically realizable SoP, from fully polarized
to totally depolarized light, represented by the value of their normalized Stokes vector
(51,52, 53). These parameters can be written in terms of the spherical coordinates [123]:

S1 cos2¢pcos2y
s = (52> = DoP (sin2<pc052)(), (2-3)

S3 sin2y

where ¢ and y correspond, respectively, to the azimuth and ellipticity angles of the
polarization ellipse describing the fully polarized content of the SoP, and where the values
of the normalized Stokes parameter can take values from 1 to -1. Moreover, we can identify
the modulus of the normalized Stokes vector as the value of its DoP (see Eq. (2-2)), that is,
the distance from the vector position to the center (modulus) is directly related to its
degree of polarization. Therefore, the position of the vector in the sphere has complete
information about the polarimetric characteristics of light; the modulus of the vector
represents the degree of polarization and the position in the sphere corresponds to the
polarization angles.

Some interesting properties of the spherical representation depicted in Figure 2-1 are:

e Points in the external surface (S) of the sphere correspond to fully polarized
SoPs (s? + s2 + s =1;DoP = 1).

e Totally unpolarized states are in the center of the sphere (s; = s, =53 =0;
DoP = 0).
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e Points located inside the sphere correspond to partially polarized states, the

DoP decreases as points get closer to the origin. For instance, pink sphere in
Figure 2-1 represents partially polarized states with 0 < DoP < 1.

e Linear states (y = 0) are located in the equator of the sphere (see black dashed
lines in the figure). Sy, Sy, S45and S;55 are the horizontal (1,1,0,0), vertical
(1,-1,0,0), diagonal (1,0,1,0) and antidiagonal (1,0,-1,0) linear polarized states
cases.

e Circular polarized states correspond to the poles of the sphere .§L (1,0,0,1) and
Sp (1,0,0,-1).

e Any other arbitrary SoP in the Poincaré sphere is an elliptically polarized SoP

characterized by the azimuth and ellipticity angles (¢, x).

53
$p
S
A
Syas [ 2y b ~) Sas 3
i 2
\\\\ 20 L
Su
$
)

Figure 2-1 Representation of the Poincaré sphere and a totally polarized SoP ($)
characterized by ¢ and y angles. Horizontal (Sy ), vertical (S, ), diagonal (S,5) and
antidiagonal ($135) linear SoPs are represented by the purple points located in the equator
of the sphere; left (S;) and right (Sp) circular totally polarized SoPs are represented by the
purple points located in the poles of the sphere. The pink sphere represents partially
polarized SoPs, (S‘A; DoP < 1).

This representation is not only highly useful for the representation of SoPs, but also for
representing the change of polarized light in light-matter interactions.
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2.1.3 Mueller matrix

When a sample is illuminated with polarized light, this light interacts with the sample
and this interaction can make changes in its state of polarization (SoP). To measure these
changes, that is, the variations in the Stokes vector before (S;;,) and after (S,,,;) interacting
with a sample, Hans Mueller introduced the so-called Mueller matrix (M), which acts as a
transfer function between Stokes vectors:

Sout = MSiy. (2-4)

The Mueller matrix is defined as a 4x4 real matrix where all the variations that a sample
can produce in the polarization state of light are encoded. That is, the elements of M
describe how the polarization of any SoP interacting with a sample can be changed. These
changes can be related to the intrinsic characteristics of the sample (dichroism,
birefringence, composition, orientations, randomness, etc.), which some of them, in turn,
also depend on the wavelength of the illuminating light and the direction of
incidence [123,124]. In this sense, the Mueller matrix allows us to classify the polarimetric
properties of materials depending on how they modify the SoP of an incident light beam.
The properties of the samples affecting the polarimetric state of light can be divided into
three features: (1) dichroism, representing asymmetries in light components absorption,
(2) birefringence, accounting for components relative phase changes; and (3)
depolarization, corresponding to the capability of the samples to transform polarized light
into unpolarized states.

(1) Dichroism manifests in two physical effects: diattenuation and polarizance.
Diattenuation represents the amount of light that is absorbed in a light-matter
interaction process depending on the polarization state of the incident SoP whereas
polarizance quantifies the capacity of the sample to polarize an incident unpolarized
light beam [123,124].

(2) Birefringence describes the capability of samples to introduce certain relative
retardance between the electromagnetic components of the input light without
changing either the DoP of the incident beam or the input light flux. It is associated
with materials exhibiting some refractive index anisotropy.

(3) Depolarization is the capability of a material to reduce the DoP of the incident SoP,
that is, to depolarize light, and it is associated with physical and statistical processes
introducing SoP randomization.

The combined effect of these three properties is encoded in the 16 Mueller matrix
elements. To decode this information and obtain polarimetric observables related to
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dichroism, birefringence and depolarization separately we can perform different
decompositions of M.

2.2 Mueller matrix decompositions and Polarimetric Observables

Polarimetric features encoded in the Mueller matrix are related to physical properties
of the samples, such as intrinsic components, densities and/or organization. To obtain the
polarimetric observables associated with these properties, we need to further process the
M elements.

There are different mathematical treatments that can be applied to the raw M for the
obtention of polarimetric observables with physical meaning. Some of them can be directly
associated with certain sets of M elements, whereas others need further mathematical
processing of the Mueller matrix data. For instance, dichroic-related parameters such as
the diattenuation (D) and polarizance (P) vectors can be directly extracted from M
structure. However, for the obtention of depolarizing and birefringent parameters there
are different decompositions allowing them to isolate these properties and extract the
parameters.

In the following we review certain approaches to obtain a representative set of
polarimetric observables from M. We first describe the block form of the M, from which
the dichroism and some depolarization features of the sample can be directly obtained
from its elements or simple combinations of them (sec. 2.2.1). In secs. 2.2.2 to 2.2.4, we
introduce the general Serial and Parallel decompositions of M as well as some particular
examples retrieving polarimetric observables of special interest in the inspection of
biological tissues.

2.2.1 Block form of a Mueller matrix

Let us start with the block form of M, one of the simplest decompositions of the Mueller
matrix [126]:

1 DT 2-5
M =my, (P m ), (2-5)
1 1 2.
b= Mon (M0, My, M30)", P = ——(mg1, Mgz, Mo3), (2-6)

00 Moo
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L myp My My3 (2-7)
m=—|Mz1 My Mpy3],

Moo \ m m m
31 32 33

where mg, is the element of the Mueller matrix corresponding to the mean intensity
coefficient (MIC); the three component vectors D and P represent the diattenuation and
polarizance vectors and m is a 3x3 sub-matrix encoding in a more complex way other
polarimetric properties of the samples (birefringence and depolarization). The modulus of
D and P vectors (D = |D|,P = |P|) correspond to the magnitude values for the
diattenuation and polarizance of the sample. Directly from the raw elements of M, we can
also obtain the Depolarization index parameter, P,, which measures the total capacity of a
sample to depolarize light [127,128], and can be understood as a generalization of the DoP
concept to matrices:

2.3._ 2 \—m?2 2 2 2-8
PA — ( l,]—Oml]) Moo — P_+D_+ ”2”2 , (0 S PA S 1). ( )

3m3, 3 3

where ||m||, is the 2-norm of the sub-matrix m and the depolarization index is restricted
between 0 and 1; P, = 0 corresponds to a totally depolarizing system whereas Py, = 1
represent pure, non-depolarizing systems. The third term in Eq. (2-8) is defined as the
degree of spherical purity (P;) [129]:

”:’gz ,(0<P,<1). (2-9)

This parameter relates to the birefringent sources behind depolarization processes.

P, =

Equation (2-8) represents the overall depolarization capacity of samples and can be
determined by the dichroic (P, D) and birefringent (P;) effects resulting in depolarization.
The three mentioned polarimetric observables (P, D and P;) define a triplet of metrics, the-
called Components of Purity (CP).

The Depolarization index, P,, is a global depolarization parameter; to obtain more
specific information of different depolarization sources and characteristics of a sample it is
necessary to perform further mathematical treatment of M. In the following sections, we
show different decompositions of M to obtain depolarization and birefringence related
metrics.
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2.2.2 Parallel and Serial decompositions of a Mueller matrix

In the literature, we can find different decompositions and related metrics describing
polarimetric properties of samples. In this sense, it is important to note that when
performing decompositions and Mueller matrix analysis, we reduce the complexity of real
samples (such as biological samples) by modeling them as combinations of simpler systems.
This modeling allows to extract some physical features from them, such as dichroism,
birefringence and depolarization. Therefore, depending on the kind of samples under study
and the measurement conditions, we can choose to study them by means of different
polarimetric observables and/or decompositions.

In general, a Mueller matrix can be decomposed into two kinds of decompositions:
Parallel and Serial decompositions (or combinations of them) [124,130].

Parallel decompositions consist of dividing a M in a convex sum of Ms. This

decomposition represents the polarized light-matter interaction as a physical process
where the incident beam is divided into a set of pencils that interact with different optical
components spatially distributed in the illuminated area without overlapping. The pencils
after the interaction are incoherently recombined into an output beam. Some
decompositions belonging to this group are the Spectral [124] and Characteristic [127]
decompositions.

Serial decompositions consist of representing a general Mueller matrix as a product of

particular Mueller matrices. In this decomposition the whole system is considered as a
cascade of simpler polarimetric components where the incoming light interacts
sequentially with them. Well known decompositions such as the Lu-Chipman [131] and the
Arrow [132] decompositions belong to this category.

2.2.3 Arrow decompositions of a Mueller matrix

The Arrow decomposition is a Serial decomposition inspired on the arrow form of the
Mueller matrix, M,(M) [124,132]. This decomposition is based on the singular value
decomposition of the 3x3 submatrix, m (see Eq. (2-7)):

2-10
m = MpoMy4Mgy, ( )

where,

mpt =mph; detmg; =+1 (i=0,D), (2-11)
detm )

€= ,
|detm]|

my = diag(a,,a,,€az), 1=2a,=>a,=az =0,
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and

Mp; = (é rgT ) (i=0,D, (2-12)

Ri

where a4, a, and a3 are the singular values of m, mycorresponds to the 3x3 submatrix of
the arrow form of (My) of the Mueller matrix, and mgg, and mg; are the submatrix forms
of a pure entrance (Mg;) and exiting (Mg) retarder, respectively. Thus, we can define the
arrow form of M as:

M = MpoM,(M)Mpg, (2-13)

This decomposition considers the polarimetric interaction of the system described by M as
a combined effect of an initial entrance retarder (Mg;), a dichroic and depolarizing system
described by the Arrow form (M,) of M and, finally, an exit retarder (Mg). To obtain the
arrow form of M, we can rewrite the equation as:

1 DI

My(M) = M}EOMMZ;I = My (PA my

)2 P, = m£0P, Dy = mpD. (2-14)

From this decomposition, we separate the contributions of the retardance properties (Mp;)
from the dichroism and depolarization (My). In this sense, from the arrow form of M, My,
we can extract the arrow polarizance and diattenuation (P4 and D,) as shown in Eq. (2-14).
In addition, the 3x3 submatrix m, represent a diagonal matrix (see Eq. (2-11)) conformed
by the three arrow indices (a;, a,, az). These indices encode a mixture of depolarization
and dichroic properties of the media.

The retardance parameters are encoded in the entrance and exiting retarder matrices
(Mg;, Mpo). To characterize the birefringent properties of a sample, we can apply on
them operations already described for a general retarder Mg; [123,124], this giving
rise to the following set of observables:

-1

A; = cos , 0<A; <m; (2-15)

tr(mRi) _ 1
2

A MRi23 — Mgi32 COS2QR;COS2XR;
R; = 27Tsi;1A- Mpiz1 — Mgi13 | = R; | Sin2¢p;cos2xg; |,
“\Mgi12 — Mgiz1 Sin2xg;
1 (2-16)
_1 (Mgiz1 — MRpi13
tan™ | ——),

1 _
Pri =5 Maizs + Magas XRi = ESln 1(Ri(mRi12 - mRiZl))

2

[0<Rl <1, OS(pRi<T[l _n/4SXRi<n/4]'
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where A; is the total retardance, describing the global behavior of a general retarder, R; is
the retardance vector, the modulus (R;) indicates the phase shift introduced between the
electromagnetic components of the light and (@g;, xgi) are the azimuth and ellipticity
angles of the fast eigenstate. In addition to the general retardance vector (R;), we can
extract additional information related to birefringence, such as the linear retardance (6)
and the optical rotation (y, rotation applied to the linear retarder) [133]:

Spi = cos™? (\/(mRill + Mpipp)? + (Mpizr — Mpi12)? — 1): (2-17)
_1 (Mgiz1 — Mpi12

1/) .= tan~1 (—) 2-18

R Mpi1y + Mpiz; ( )

For the Arrow decomposition particular case, we can obtain the retardance parameters
related to the entrance and exiting retarders:

Entrance retardance

(2-19)

1 oF
Mg, = (0 mRI) - (RI; ¢R1;XRI:6RI,¢RI)'
Exit retardance

(2-20)

1 oF
MRO=<0 " ) ~ (Ro, ¥ros Xro» Sr0,WR0):

RO

In this decomposition, we consider the light-matter interaction as a combinative effect of
an entrance retarder (Mg;), a matrix representing the dichroic and depolarizing properties
of the sample (M) and an exiting retarder (Mgo). Therefore, birefringent, dichroic and
depolarizing properties of the samples are represented by different matrices, making
easiest the calculation of the observables. As previously explained, dichroic and
depolarization properties are not completely isolated; the three arrow indices have mainly
depolarization information but also contain dichroism features and the arrow
diattenuation (D 4) and polarizance (P4) vectors are also related to retardance. However,
as we show in sections 5.2 and Chapter 6, the polarimetric arrangements specifically of this
decomposition demonstrate extremely good performance for different tissue
identification in image polarimetry.
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2.2.4 Spectral and Characteristic decompositions of a Mueller matrix

Spectral decomposition of a matrix is based on the spectral theorem, this theorem
states that a diagonalizable matrix can be decomposed in a pondered sum of matrices
obtained from its eigenvectors and weighted by its eigenvalues [124].

To perform the Spectral decomposition of the Mueller matrix we need to transform M
to the covariance matrix (H). This is because H is a positive Hermitian matrix that can be
always diagonalized [134], whereas M does not always fulfil this condition. The covariance
matrix can be defined from M elements as:

3

1 _

H(M) =12 2 my(ox ® 0y), (2-21)
K,1=0

where g; are the Dirac matrices and the symbol @ represents the Kronecker product. The
above-mentioned characteristics of H matrix make it diagonalizable through a unitary
transformation:

H = Udiag (g, A1, 1, A3) U, (2-22)

where A;, are the four eigenvalues of H fulfilling 0 <1, <1, <1, <13 <1 and

* .4 =1, U is the unitary matrix conformed by the orthonormal eigenvectors (u;,i =
0,1,2,3) of H. For each wu,; eigenvector associated to H, we can construct a rank=1
covariance matrix correspondent to a pure system. By considering these four pure
matrices, the Spectral decomposition of H can be expressed as:

A 2-23
=0 tr;-l Hi; ( )

H=Y3 H; = (trH)(y; @),

where trH = my,. By applying the relation between M and H (see Eq. (2-21)), we can now
obtain the Spectral decomposition in terms of M (see relation in Eq. (2-23)):

MZ

where A; are the normalized eigenvalues of H and Mj; are the normalized Mueller matrices
of pure systems.

(2-24)

Mw

mOOM]l
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Considering these expressions, it is very interesting to reorder the terms of the Spectral
decomposition in different terms representing not only pure but also non-pure (or
depolarizing) systems. In this way, we can obtain the Characteristic decomposition [127] :

Ao — 4 =2 Ay — 25 A3

_ 1 2
i = trH Ho +2 trH Hy+3 trH H2+4trH

Hs, (2-25)

where each one of the covariance matrices (H;,i = 0,1,2,3) are obtained as follows:

Hy = (trH)[Udiag(1,0,0,0)U] = (trH)(ue®uf), (2-26)
Hy = %(trH)[Udiag(l,l,0,0)Ut] = %(trH) Thow®uy], (2:27)
2
1 1 -
H, = = (trH)[Udiag(1,1,1,0)Ut] = = (trH) Z u®u], (2-28)
3 3 -
l§0
1 _ _ t
Hy = 5 (tr)[Udiag(1,1,1,1)U°] = 7 (¢rH) ZO w®u] . (2-29)
=

H, is a pure component and H; (i = 1,2,3) are non-pure components, with rank=1,2,3 and
4, respectively. As in the case of the Spectral decomposition, we can also obtain the
Characteristic decomposition in terms of M:

M = (Ao — A1) (mooMjo) + 2(A1 — A,) (mooMy) + 3(A2 — A3) (Mmoo M) + 443(mgoMs), (2-30)
[mo()M]O = M(Ho),moolﬁi = M(Hl)l = 1,2,3].

The Characteristic decomposition allows to write the M of any depolarizer as the
incoherent addition of different Mueller matrices weighted by H eigenvalues or linear
combinations of them. Each one of these matrices has a physical interpretation describing
polarizing (M) or depolarizing properties (M;, M, and M3):

. M,O: represents the non-depolarizing features of the medium.

e M,: represents the part of the medium that behaves as a 2D depolarizer,
containing an equiprobable mixture of two pure components.

e M,: represents the part of the medium that behaves as a 3D depolarizer,
containing an equiprobable mixture of three pure components.

. 1\713: corresponds to the part of the medium behaving as a total depolarizer
(M3 = diag(1,0,0,0)), a fully random component.

In order to fully describe the depolarization or non-pure characteristics of a sample, we
can conveniently define a new set of metrics from combinations of the H eigenvalues, the
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so-called Indices of Polarimetric Purity (IPP). In the following section we explicitly describe
these parameters.

2.2.4.1 The Indices of Polarimetric Purity
The Indices of Polarimetric Purity are defined from A; as follows [135,136]:

_/10_2‘1 p _Ao+ﬂ,1_212 _Ao+ﬂ.1+ﬂ.2_313 (2_31)
Y wH 2T trH T3 trH '

The constraints among the eigenvalues of H are translated in the IPP as:

0<P, <P,<Py<l1. (2-32)
Also, the eigenvalues of H can be written as:
_1 2 1 (2-33)
Ao = 4trH(l + 2P +3P2 + 3P3),
1 2 1 (2-34)
A= ZtTH (1 — 2P + §P2 +§P3>,
1 4 1 (2-35)
A, ==t H(l——P =P )
2= 372730
(2-36)

1
/13 =ZtTH(1_P3)

With this relation between the IPP and H eigenvalues described above, the Characteristic
decomposition (Eq. (2-30)) can be rewritten in terms of P;, P,, P in the following way:

M = Pl(mool\?[]o) + (P, — Pl)(mooﬁl) + (P; — Pz)(mooﬂz) (2-37)
+ (1 — P3)(mgoMs).
Therefore, these indices can be directly interpreted through the Characteristic
decomposition of the system:

e P, quantifies the extent to which a single pure polarimetric component dominates
the system. It reaches its maximum value when the largest eigenvalue is
significantly greater than the others, indicating that the system behaves almost
entirely as a non-depolarizing medium.

e P, builds on this by comparing the two largest eigenvalues to the third. When both
are dominant over the third, the system presents a statistical mixture of two
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distinct pure polarimetric behaviors, this incoherent addition introducing
depolarization which is associated with a two-dimensional polarimetric space (two
significant eigenvalues).

e P3 measures the combined contribution of the first three eigenvalues relative to
the fourth. A high P; value suggests that part of the system’s behavior can be
described using only three pure components, this introducing depolarization
associated with a three-dimensional polarimetric sub-space (three significant
eigenvalues), and with minimal contribution from fully random depolarization.

It is also interesting to consider the fraction, 1 - P3, represents complete randomness—
where any information related to the input polarization is lost.

To exemplify this relation of the Characteristic decomposition of M with the IPP, some
representative cases are further analyzed with the help of following Table 2-1:

Py P, P3 M Characteristics

1 1 1 mooMo pure Mueller matrix

0 1 1 A only 2D depolarizer

0 0 1 mooM, only 3D depolarizer

0 0 0 MooMj pure depolarizing component

Table 2-1 Table showing the elements of the M Characteristic decomposition in terms of possible IPP values.

With this table we can clearly see the relation between the IPP and the different
depolarization sources conforming the Characteristic decomposition of the Mueller matrix.
For intermediate values of the IPP, depolarization is divided into different terms of the
decomposition. In Chapter 4 we will deeply inspect the interest of this decomposition for
depolarization behavior analysis.

It is also interesting to relate the IPP with the depolarization index (P,) [128,137]:

2pf 2P} | PE (2-38)

P, =
A 3 9 9’

From Eqg. (2-38) we can see that different combinations of IPP can lead to the same value
for P, [138]. Therefore, it is clear the interest on inspecting the IPP parameters when
studying depolarization of samples, as a more comprehensive source of information [118].
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2.2.5 Summary

To summarize, in section 2.2 we have shown several methods to decompose the
Mueller matrix to extract the polarimetric characteristics related to physical properties of
samples. These properties are divided into three main groups: dichroism, depolarization
and birefringence. In the following tables we summarize all the polarimetric observables
extracted from M as well as a brief description.

Dichroism

Diattenuation
(D) [123,124]

Arrow
Diattenuation
(D4) [110,132]

Dy=mpD(0<D,<1)

Selective absorption of polarized
light depending on the incident
polarization state of light.

Polarizance
(P) [123,124]

) 2 2
My + M3 + M3

Moo
(o<pP<1)

P=1|P|=

Arrow
Polarizance (P,)%5°

PAEmg()P (OSPASI)

Selective polarization of light into a
particular polarization state.

Table 2-2 Table summarizing the principal dichroic features of M.

Birefringence

Phase change introduced

Total tr(mg;) between the components
retardance A= cos™ - 1| O=a=m of light without ir:)tensit
(A) [123,124] g : y

attenuation.
; 1 Mpi3z1 — MRi13 Azimuth angle of total
Azimuth angle . =—tan"! (’—) < Qg i ) .
& Pri =3 tan Mpizz + Mpiz2 O = @p<m retardance in the Poincaré

(pr) [123,124]

Sphere.

Ellipticity angle
(xr) [123,124]

1
Xri = Esin_l(Ri(mRuz = Mgiz1))
(—7T/4 < Xri S 71/4)

Ellipticity angle of total
retardance in the Poincaré
Sphere.

Linear

Phase change introduced
between the linear

8,: =
retardance 1 polarized components of
cos Mpi11 + Mgizz)? + (Mpia1 — Mpi12)? — 1
(5) [133] (\/( Ril11 RLZZ) ( Ri21 RL12) ) Ilght WIthOUt intensity
attenuation.

Optical W, = tan™1 (mRi21 - mmz) Optical rotation of the
rotation ¢ Mpi11 + Mgizz linear retarder.

(1) [133]

Table 2-3 Table summarizing the principal birefringent features of M.
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Depolarization

Depolarization Index p= = + Ui P2 = \/2”1 gy Overall depolarization
(Pp) [127,128] (0 <P <1) capacity of the sample.
Spherical Purity P = [lm]l, (0<P<1) Conngcts fjepolarization with
(P) [129] birefringent sources.
. Depolarization information
Arrow parameters my = diag(ay, a,, €as), mixed with dichroic
, 0y, 110,132 1>2a,=2a,=2a3=0 it
(a1, az,a3) [ ] 1="2= characteristics.
Depolarization capability of
Indices of samples, each one of the

n
1
Polarimetric Purity b= ﬁkz_l (i1 = Ae), k = 1,23 indices can be related to
(Py, P,, P3) [135,136] 0<P <Py<Pi<1 different depolarization
sources.

Table 2-4 Table summarizing the principal depolarization features of M

2.3 Polarimetric Spaces

As evidenced in the state of the art [61-65,75-77], with some contributions within the
framework of this thesis [112,118,139], the relation between the polarimetric observables
and physical properties of the samples lead to excellent results in terms of discriminatory
capability of polarimetric techniques based on the Mueller matrix analysis. For instance,
biological tissues are complex structures with spatial variations of their physical properties
due to different intrinsic compositions, densities and/or organization. Interestingly,
pathologies usually change the internal structure of the tissue, and these changes can be
detected by means of polarimetry. In recent years, the above-described polarimetric
observables have been used for the study, detection and classification of structures of
interest in biological tissues, paving the way for applications in the early detection of
pathologies [41,76,140,141].

Among the different observables proposed in the specialized literature, depolarization
related metrics have demonstrated excellent results in the study of a vast number of
biological tissue samples [73—77,140]. This ability of depolarizing metrics, such as the IPP
and the CP parameters, to characterize and distinguish between biological structures,
makes them particularly appealing for grouping them in the construction of depolarization
spaces, by associating, for instance, a specific observable with each Cartesian axis. This idea
led to the generation of different 3D polarimetric spaces [124,136], arising as excellent
visual tools aiding identification and classification of different tissue types. That is, different
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samples featuring different polarimetric properties will occupy different positions within
the volumes associated with such polarimetric spaces.

In this section we focus on two depolarizing spaces specially interesting for biological
sample studies: the IPP or Purity Space (conformed by P;, P, and Ps) and the Components
of Purity Space (conformed by D, P and Ps). Since these pair of triplets are mutually related
by certain constraints, it is worth representing them graphically in order to get a visual
representation of the volume that different experimental Mueller matrices can occupy.

2.3.1 Purity Space

The Purity Space is the volume generated by the triplet (P;, P,, P3). The constraints
among the three variables (see Eq. (2-32)) generate a tetrahedron containing all physical
realizable depolarizers inside its volume [124,136]. Figure 2-2 provides a representation of
the Purity Space, where the P; metric corresponds to the z axis (height of the tetrahedron)
and P; and P, correspond to the x and y axes, respectively.

Purity Space
///;.-": — —
- e P S "’/.
o //
1w/ 7
/ , //,/
e
@] /// © (0,0,0)
P / y O (P, P, P3)
3 e ® (111

Py 1

Figure 2-2 Representation of the IPP Space, where all the physically realizable depolarizers are
contained.

In Figure 2-2 we provide a representation of the Purity Space. The points illustrated in
the tetrahedron represent three different samples: the blue point corresponds to a pure,
non-depolarizing system (P; = P, = P; = 1) that is located to a vertex within the top face
of the figure (this is the only point in the space which does not represent a depolarizer).
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The purple point represents an ideal depolarizer ( Py =P, =P;=0) (any input
polarization is fully depolarized), which is located at the at the origin and, lastly, the green
point (0 < P; < P, < P; < 1) represents a partial depolarizer (the depolarization induced
to incident light depends on the input state of polarization).

It is worth noting that, P; and P, set the position of the depolarizer in a plane for a
constant value of P; and, P; represents the height of such a plane in the Purity Space (z
axis). Under this scenario, giving a value of P;, the possible values that the other two IPP,
P; and P,, are allowed to achieve decrease as P; gets close to (0,0,0), as evidenced by the
constrain given in Eq. (2-32).

2.3.2 Components of Purity Space

In analogy to Purity Space, we can also define a space conformed by the Components
of Purity. These variables constitute the Components of Purity Space or Purity Figure, which
contains complementary information about the depolarization properties of a
sample [142]. The CP space consists of: diattenuation (D), polarizance (P) and the degree
of spherical purity (Ps) metrics. The Components of Purity space represents a volume
where all the possible depolarizers are contained. The constraint between the three
components (see Eqgs. (2-8) and (2-9)) giving rise to this space is the following [129]:

Components of Purity Space

(a) | __|010,0,0) (b) e | @Py=1
: O(PIDIPS) . - OPA:O.S
1 @(1,1,1/V3) g B OP=0
| ® !

Pg

Figure 2-3 Representation of the volume generated by the CP triplet, leading to the Components
of Purity Space. In (a) different points are represented in the volume, correspondent to three
polarimetric scenarios. (b) shows surfaces which correspond to constant values of P,; red,
purple and yellow surfaces correspond to P, values of (1, 0.5, 0).
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P2 +D*<1+3P2. (2-39)

Figure 2-3 (a) represents the volume generated by the CP triplet (P,D, Ps). These
parameters are related to dichroic and birefringent parameters of M. The CP provide
complementary depolarization information with respect to the IPP. From the IPP we can
extract the depolarization capability and depolarizing anisotropies (depolarization
capability with respect to the input SoP) of the samples and study the weight of different
depolarizing sources leading to depolarization. Additionally, the CP are also capable of
relating measured depolarizing values with non-depolarizing sources (and related physical
features) originating such depolarization (in Chapter 4 we explain how incoherent
combination of pure elements can produce depolarization). In Figure 2-3 (a) we represent
three cases: blue point (1,1,1/4/3) corresponds to a system with depolarization; the pink
point (0,0,0) represents a pure depolarizer and, green point (P, D,Ps) represents a system
where both dichroism and birefringence share the depolarizing effect.

In addition, in Figure 2-3 (b) we present the Components of Purity Space where different
surfaces of constant P, values are shown. Since the CPs are related by the Depolarization
Index metric, representing the total amount of depolarization present in a sample, it is
interesting to study how the points in the CP Space are located depending on this
parameter. P, = 1 represents the case of no-depolarization, being the higher surface in
the figure (red surface in Figure 2-3 (b)). Whereas, as more depolarization is present in the
sample (P, decrease), the correspondent surface in the figure decreases until the limit
point P, = 0.

Further analysis of the relationship between these spaces has been done by A. Van
Eeckhout in [143]. Moreover, section 2.3 and Chapter 6 we show the utility of both spaces
(or metrics comprising the spaces) for the discrimination of different tissues within a
sample, explicitly demonstrating the potential of 3D Depolarization Spaces for the
classification of biological structures.






Chapter 3 Materials and Methods

In this chapter we present the materials and methods of this thesis. Firstly, section 3.1
presents the experimental procedure used to obtain the experimental Mueller matrices.
The experimental set-up of the Complete Mueller matrix polarimeter is explained in
subsection 3.1.1, where all the optical elements comprising the set-up are introduced.
Then, subsection 3.1.2 explains the calibration and optimization procedure of the
polarimeter. Lastly, subsection 3.1.3 shows how, once we have the set-up calibrated, which
is the protocol to obtain the experimental Mueller matrices of the samples under
measurement. In addition, in section 3.2 we provide a detailed anatomical description of
the biological samples analyzed though this work. These samples correspond to ex-vivo
heart, tongue and brain sections from cow and cattle specimens and ex-vivo human brain
samples.

3.1 Complete Image Mueller polarimeter

In this subsection, we describe the experimental set-up of the imaging Mueller
polarimeter, as well as its calibration and optimization procedures. This system being the
main device used for obtaining the Mueller matrix measurements of the samples studied.

3.1.1 Experimental set-up

To obtain the experimental M of the samples inspected in this text we use a complete
image Mueller polarimeter prototype developed at the Optics Group of the UAB. These
kinds of polarimeters are comprised by two main parts: the polarization state generator
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(PSG) and the polarization state analyzer (PSA), which allow us to control the generation
and analysis, respectively, of the state of polarization of light illuminating or exiting the
sample.

(a)  Polarization State Generator (PSG) (b)  Polarization State Analizer (PSA)

Light source . CCD .
(LED) Liltlc‘dl' camera Linear
polarizer 0° PpA-LC polarizer 0°

o PA-LC
45 PA LC 450
PA LC

10 nm filter

Figure 3-1 Representation of the polarization state generator (PSG; a) and polarization state
analyzer (PSA; b) optical components arrangement.

The PSG (Figure 3-1 (a)) is comprised of a linear polarized oriented at 0° with respect to
the laboratory vertical and two parallel aligned liquid crystal (PA-LC) retarders oriented at
45° and 0°, respectively. By modelling this system with the Mueller-Stokes formalism, the
following out Stokes vector is obtained [124]:

1
cos2@cos2y (3-1)
sin2@cos2y |

sin2y

S = DoP

where ¢ and y are the polarimetric angles (azimuth and ellipticity of the polarization
ellipse, respectively). We can note that such a vector is defined in sphere coordinates,
where any point at the surface of the Poincaré sphere (see section 2.1.2) is obtained by
setting the proper values of (¢, x). Under such scenario, any fully polarized Stokes vector
can be generated by properly addressing the voltages to the PA-LC. This requires proper
calibration of the polarimetric elements as explained in the following sub-section.

In the case of the PSA (Figure 3-1 (b)), the elements conforming this system are the
same as in the PSG but located in inverse order. Again, by properly setting the voltages to
the PA-LCs within the PSA, any fully polarized SoP can be set as analyzer (i.e., as polarization
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where the polarization of the light exiting from the sample is projected). As in the case of
the PSG, for adequate operation of the PSA, it requires adequate experimental calibration.

Moreover, the system also includes a CCD camera located after the PSA system,
allowing the imaging capability to the polarimeter. The CCD camera has incorporated an
objective lens at the entrance of the camera, which allows to image the sample to the CCD.
Under this optical scheme, we can obtain the intensity distribution (image) of the sample
corresponding to different combinations of PSG-PSA polarizations. As it explained in more
detail in following subsections, by using a proper set of PSG-PSA polarizations
combinations, after having been calibrated, the Mueller image of the sample can be
retrieved from corresponding intensity images acquired at the CCD.

In addition, the system is provided with a LED (Light Emitting Diode) light source located
before the PSG for illumination of the sample; this source can work at four illumination
wavelengths in the visible range (625 nm, 530 nm, 590 nm and 470 nm) allowing to inspect
different characteristics of the samples. This capability is very interesting as the Mueller
matrix of samples (i.e., the light-matter polarimetric interaction) depends on this
parameter. For instance, light penetration depth in biological samples or samples
birefringence depends on the illumination wavelength. As an example, the penetration
length of visible light (400 nm — 750 nm) in human skin variates from 0.01 mm to 1 mm [9].
Both arms comprising the polarimeter are located in rotation stages, therefore the angle
configuration for the measures can be changed. This is another crucial parameter as
Mueller matrices also depends on this parameter (note that the optical path within the
samples, or the Fresnel coefficients, changes with the measuring configuration). In this
work, we set a reflection configuration for measuring light exiting from samples. It should
be noted that most biological tissues are opaque, which prevents transmission-based
measurements in most cases, except, for instance, in the case of certain thin-layer
histological sections. In most measurements provided in this thesis, the measuring
configuration used corresponds to: the sample is illuminated with the PSG located at 34°
with respect to the laboratory horizontal and the PSA is located at 0° with respect to the
laboratory vertical to avoid direct reflections. This configuration avoids ballistic
measurements and focuses on light scattered by samples, this being of interest in biological
samples analysis. A 3D schematic representation and a photographic image of the set-up
are shown in Figure 3-2 (a) and (b) respectively.
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(a)

PSA

Sample
holder

Figure 3-2 Representation of the complete image Mueller polarimeter at scattering
configuration; (a) schematic image and (b) photographic image.

In the following, we also provide commercial information about the components
comprising the polarimeter: the illumination is provided by a Thorlabs LED source
(LED4D211, operated by DC4104 drivers distributed by Thorlabs) complemented with a 10
nm dielectric bandwidth distributed by Thorlabs: FB530-10 and FB470-10 for green and
blue wavelengths, respectively. The linear polarizer located in the PSG is a Glam—Thompson
prism-based CASIX whereas the one placed in the PSA is a dichroic sheet polarizer
distributed by Meadowlark Optics. The four PA-LC retarders are variable retarders with
temperature control (LVR-200-400-700-1LTSC distributed by Meadowlark Optics). Finally,
imaging is performed by means of a 35 mm focal length Edmund Optics TECHSPEC® high
resolution objective followed by an Allied Vision manta G-504B CCD camera, with 5
Megapixel GigE Vision and Sony ICX655 CCD sensor, 2452(H)x2056(V) resolution, and cell
size of 3.45umx3.45um, so a spatial resolution of 22um is achieved.

3.1.2 PSG and PSA calibration and optimization

In this section, we briefly describe the procedure to calibrate the experimental set-up
to minimize the experimental errors affecting the measurements and optimizing the
obtention of accurate Mueller matrix images.



Complete Image Mueller polarimeter 59

To determine the experimental M of a sample by means of the mentioned set-up, at
least 16 radiometric measurements are required, as we are dealing with 4x4 real matrices.
These radiometric measurements correspond to four well-determined input and output
states of polarization. The illumination and analyzing SoPs are set by the PSG and PSA,
respectively (see Figure 3-3). In our measurements, we add redundancy data to reduce
statistical noise, as shown in Ref. [144]. We generate 6 states of polarization for generation
and the same states for analysis (we use 36 measurements instead of the minimum
required 16 measurements). The specific 6 SoPs basis used in this work is represented in
Figure 3-3 at the surface of the Poincaré sphere, and it is a well-known basis in specialized
literature for its suitability to conduct polarimetric metrology [145]. It includes four linear
polarizations (0° 45°, 90° and 135° orientations) and two circular (left and right) handed
polarizations, corresponding to the poles of the sphere. In Ref. [144] it is demonstrated
that the bases with lower noise amplification are those where the SoPs are distributed
uniformly over the surface of the Poincaré Sphere, and the rhombohedron set by this
polarimetric basis (see Figure 3-3) accomplishes this condition, being a Platonic solid [145].

(1,0,1,0) (1,0,—1,0)

$5(1,0,0,—1)

Figure 3-3 Representation of the Poincaré sphere with an ideal calibration basis. Polarimetric
states $;, S,, 85 and S, are the four linear polarized states distributed in a uniform way in the
equator of the spere. S5 and S, represent the two circular polarized states.

The method for calibrating the PSG aims experimentally generating the 6 above-stated
SoPs as close as possible to the ideal ones. These desired SoPs form the generation base S,
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4x6 matrix consisting of the 6 input generators. The calibration procedure is performed
with the aid of a commercial Thorlabs polarimeter (PAX5710VIS-T) as reference. The
elements comprising the PSG allow us to generate any fully polarized SoP and, with the
commercial polarimeter we are able to test the exact state that we are experimentally
generating. Therefore, the procedure consists of changing the voltages controlling the PA-
LC whitin an iterative approach until achieving the desired SoPs. The Thorlabs polarimeter
also allows us to obtain the exact experimental SoP values, this ensuring accurate
polarimetric metrology.

In turn, the calibration of the PSA is conducted by illuminating the PSA with the
previously calibrated PSG states (S;) and retrieving the experimental analyzers base (Sy)
by following an inversion method [143].

The PSGis located directly illuminating the PSA (i.e., in transmission configuration where
the PSG is in front of the PSA). This process can be described as:

3-2
I = S4MqirSe» (3-2)

where M;,- is the Mueller matrix of the air (i.e., no-sample place between PSG and PSA
systems) and I is a matrix containing the radiometric measurements related to all the PSG-
PSA polarization configurations used. Considering the ideal value for My, My, =
diag(1,1,1,1), we can obtain the analyzers base as:

With this, we obtain the 6 polarization analyzers (rows in Sx matrix) we set with the PSA.
The next step of the calibration process is to check if the obtained SoPs correspond with
the desired ones. If the values do not correspond with the ones conforming the optimal
base described above, we conduct an iterative approach by varying the voltages of the PSA
PA-LC until achieving those experimentally obtained analyzers as close as possible to the
theoretical ones.

Of course, the calibrated values for S4 and S; are not exactly the ideal SoPs due to
experimental issues. Therefore, to evaluate how optimal are the experimental PSG and PSA
bases we obtained, we use the Condition Number (CN) as a figure of merit [146]. Condition
Number analyzes how far a matrix is from a singular matrix and it is connected to its error
amplification after the inversion [147]. For a given matrix X, the CN is obtained as:
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- -4
CN = X1l - Xl (3-4)

where || ||, represents the Frobenius. Even mathematically the minimum value of CN
(optimum in terms of noise amplification) is equal to CN=1, corresponding to orthogonal
matrices U (norma2(U) = norma2 (U?) = 1), due to restrictions of Stokes vectors in
polarimetric systems, the ideal value is CN =+/3~1.73 [148], correspondent to
polarimetric matrices as far as possible from singularity. Therefore, after the described
calibration process for the PSG and PSA, the experimental condition number of S4 and S
is evaluated. The values obtained for the CN in the measurements presented in this
manuscript oscillate between 1.85-1.95, these values considered excellent CN values and
ensuring a high-quality performance of the polarimeter. In this way, PSG and PSA are
optimized for the reduction of error amplification to the calculated M elements. This
optimization process is performed before every set of experimental measurements, and if
the CN value is not acceptable, the calibration process is repeated.

Importantly, this calibration process, both for PSG and PSA is conducted for all the used
wavelengths. The retardance of the liquid crystals depends on the illumination wavelength
therefore, the values of the voltages to obtain the generators and analyzers variate
between them.

In addition to this calibration of the experimental system, the conditions of
measurement in the laboratory are adapted to minimize any kind of external noise source.
For instance, the measurements are carried out in a totally dark room, where the only light
recorded by the camera is the polarized light generated by the PSG that interacts with the
sample. Also, to eliminate the thermal noise or any electrical noise that can affect the
intensity measurement of the pixels in the camera, before each measurement we took a
background image; that is, an image of the pixel value in the camera when the illumination
light is off. These values are subtracted from the sample intensity images measured before
the obtention of the Mueller matrices.

3.1.3 Polarimeter Measuring Principle: Measurement of the Mueller images

For the experimental obtention of M, we consider that the polarization of the light
illuminating the sample (S;) is modified by the polarimetric characteristics of the sample
(Msgmpie), resulting in a new state of polarization that is projected into the different
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analyzers (S,) set by the PSA, leading to a collection of intensity measurements.
Mathematically, this situation can be written as:

I = SAMSampleSGv (3-3)

where [ is a 6x6 intensities matrix related to the 36 possible combinations of S, and Se
systems. To obtain the measure of Mgy, we perform the pseudo-inverse matrices of
SG and SA:

MSample = (S~A_1) I (56_1)' (3-6)

where S;1 and S;1 are the pseudo-inversed matrices of S, and S;, respectively. The
pseudo-inverse form of matrix X can be given by:

X—l — (XTX)_le, (3'7)

X1 =xT(xxT)1, (3-8)

Depending on the properties of X, where (3-7) corresponds to the left inverse (X™1X = I)
and (3-8) is a right inverse (XX~ 1 = I).

For the calculation of the pseudo-inversed matrix and further obtention of Mggpmpie, it
is important to study the singularity of the matrices. This property of matrices can be
characterized by means of the CN obtained in the calibration process.

3.2 Sample description

In this section we provide a detailed anatomical description of the different samples
analyzed through this work. In section 5.2 we show the polarimetric results obtained for
three ex-vivo animal samples. The animal samples correspond to two regions of heart and
tongue from an ex-vivo cattle, obtained from a local slaughterhouse. In Chapter 6 we focus
our attention on the brain; the inspected samples correspond to both fresh animal tissue
and formalin fixed human tissue. The anatomical description of the two groups of samples
is provided in subsections 3.2.1 and 0O, respectively.
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3.2.1 Heart and tongue samples

my: myocardium  se: subendocardium

e: endocardium  ep: epicadrium

ad: adventitia walls

(d)

I: lumen

(e)

Superior
longitudinal
Vertical
Transverse

epithelium
Palatoglossus

Styloglossus

Inferior
longitudinal

L

A

Figure 3-4 Anatomical context for measurements shown in section 5.2 depicted in humanized
schematic drawings. (1) and (3) correspond to the sections of ex-vivo cattle heart, representing a

ad

Septum

) | 3)

transversal and an external section. (2) corresponds to the ex-vivo cattle tongue, where the
region inspected is a transversal section. Figures obtained created with BioRender.com.

In Figure 3-4 (a) we show a coronal cut of a mammalian heart where the region marked
by the black dashed rectangle corresponds to the section in (b). This part of the heart shows
the direction of a section of both ventricles transverse to the heart axis resulting in an
image close to the one depicted in (b). In this image the left ventricle appears lined by the
endocardium (en) and surrounded by the subendocardium (se), the myocardium (my) and
the epicardium (ep).

The tongue sample is shown in Figure 3-4 (c), the black dashed rectangle corresponds
to the part of the tissue analyzed in section 5.2. This corresponds to a transversal section
of the tissue shown in frontal view. In the image we can observe all the muscles comprising
the tongue anatomy, the layer recovering all the tongue structure which is a kind of
epithelium called Malpighian epithelium and the central part of the tongue which is the
septum formed by myotendinous tissue.
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Figure 3-4 (d) shows a frontal view of a mammalian heart showing the interventricular
sulcus containing the interventricular branch of the left coronary artery surrounded by
subepicardial fatty tissue. (1) Indicates the location of a longitudinal section of the coronary
vessel, shown in (e), where (I) and (ad) correspond to its lumen and adventitia (external
wall) respectively.

The thickness of the samples is around 2 cm in the case of the heart and tongue samples.
Note that the length of light is significantly lower than the thickness and all the
measurements presented in this work were done in the reflection configuration of the
system shown in Figure 3-2.

3.2.2 Brain samples

(B) White matter

Figure 3-5 Histology of a coronal section of human brain where we can differentiate between
gray matter (A), white matter (B), the corpus callosum delimitated by the black dashed lines
and the thalamus marked with the black arrows. (A) Golgi-stained pyramidal cells of the gray
matter and (B) to electron microscopy image of the white matter axons and myelin shell. Image
adapted from146:147,

The brain can be divided into two main regions: the gray matter (or cortex) and the
white matter. Gray matter (gm) is a 2-4 mm thick outer layer of the brain, conformed by
cell bodies of neurons. At the same time, this layer is divided into different sub-layers
corresponding to different brain functionalities and connections. In contrast, white matter
(wm) is a more fibered structure composed of axons linked together that form fiber tracts
that are related to brain functions, such as memory, vision or voluntary movement.
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White matter

White matter is composed of bundles, which connect various gray matter areas of the
brain to each other and carry nerve impulses between neurons. The exploration of white
matter directionality is of high potential in fundamental studies but also for the detection
of various neurological diseases directly related to brain connectivity. Variations in wm
associated to schizophrenia, chronic depression, bipolar disorder, obsessive-compulsive
disorder, Alzheimer’s disease, and post-stroke diaschisis [106,107].

Corpus callosum is a region of the brain connecting the cerebral hemispheres and it is
composed of white matter tracts (see black dashed lines in Figure 3-5). The primary
function of the corpus callosum is to integrate and transfer information from both cerebral
hemispheres to process sensory, motor, and high-level cognitive signals [149].

Gray matter

Gray matter plays the most significant part in allowing humans to function normally
daily. It is formed by many neurons, allowing to process and release new information
through axon signaling found in white matter. The gm throughout the central nervous
system allows to make connections between different parts of the brain and thus, it is
responsible for muscle movement and sensory information, among others. We can identify
six different sub-layers within gm. Layers in gm are named by roman numbers, from | (being
the most outer layer) to VI (being the inner layer, just before wm). In the following we
describe the composition and functionality of each layer [150]:

* Layer I: also called molecular layer, includes thalamocortical ascending projections
and intercortical connections, appears weak on staining due to its relative paucity
of cells [151].

* Layer lI/Ill: both are formed by poorly delineated laminae of highly heterogeneous
excitatory  neurons involved  cortico-cortical  connections, including
interhemispheric ones [152].

* Layer IV: also known as internal granular layer, is populated by relatively medium
sized rounded excitatory neurons that receives afferent (ascending) sensory inputs
(visual, auditory, somatosensorial) in many cases from the sensory relay nuclei of
the thalamus.

* lLayer V: the internal pyramidal layer, populated by large projection cells, that
convey the main extra-cortical outputs.
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* lLayer VI: Thalamo-cortical reciprocal connections input, and cortico-cortical
connections that include both short-range U-shaped connections and longer
horizontal axons through the deep cortical layers [150,153,154].
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Figure 3-6 (a) Histology of a brain showing mainly the layers of neocortical gray matter. (b)
Schematic picture of the location and composition of layers | to VI in gray matter.

The study of the cortical area of the brain and the detection of the different layers can
be very useful in the study and/or early detection of some neurodegenerative disorders.
For instance, Alzheimer's disease primarily affects periallocortical areas and then spreads
to further neocortical areas interrupting the flux of information from the sensory neocortex
to the temporal allocortex and the prefrontal neocortex that is essential for situational
awareness and memory formation. Damage to the cortices of temporal lobe results in
semantic dementia, which is the loss of memory of information (semantic memories). Also
related to disruptions in the temporal cortical layering are some forms of epilepsia. Finally,
the hippocampus (i.e the archicortex) is a long ridge of gray matter tissue located into the
medial temporal lobe of the brain and is responsible for memory and learning. Atrophies
of human hippocampus can be related to Alzheimer's disease, depression and
schizophrenia [108].

In addition to the cortical structures, the telencephalon is composed of the basal ganglia
(caudate nucleus, putamen and globus pallidus) that form reciprocal circuits with the
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cortex and are primarily involved in movement and emotional regulation. Deep in the
encephalic mass is the diencephalon, composed by the hypothalamus, the epithalamus,
the thalamus and the subthalamus, the latter also involved in the motor regulation circuit.
Thalamus is a large mass of gray matter located on the lateral wall of the third ventricle
(see the asterisks in Figure 3-5). The nerve fibers of the thalamus project out to the cerebral
cortex in all directions, connecting the information between different subcortical areas and
the cerebral cortex. It plays an important role in the regulation of sleeping and
consciousness or many of the sensory systems, such as the visual, auditory and gustatory
systems.

3.2.2.1 Brain samples analyzed in this work

The fresh brain sections correspond to animal samples (ex-vivo cow and cattle

(b)
(d)

Figure 3-7 (a) Schematic drawing of a brain coronal section. (b) and (c) are the intensity images

specimens).

of the sections obtained from cow brain and (d) is the sample obtained from the cattle brain.

Figure 3-7 (a) corresponds with a schematic drawing of a coronal view of a human brain
sample, black rectangle shows the equivalent region to the animal brains where the three
samples were obtained, from (b) to (d) the regions are from right to left (outer from inner
part of the brain). Figures (b) and (c) are the intensity images of the ex-vivo cow brain and
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(d) the ex-vivo cattle brain. Sample 1 corresponds to a coronal section taken in the
crossroad between the posterior parietal lobe and the occipital lobe of a cow,
approximately 2 cm from the rostral to the occipital pole, whereas sample 2 was obtained
across the frontal lobe. These sections are composed of cortical grey matter (gm), which is
a layered cell-rich structure, and subcortical white matter (wm), which is sparsely cellular
and composed of bundles of nerve fibers that connect the cortex with other cortical areas
or with subcortical structures (at this level, mainly thalamus). Finally, sample 3 is taken
across the frontal lobe of cattle, closer to the medial) region of the brain. This region is also
composed of wm, gm and includes a region of corpus callosum.

Note that all the samples studied in this section were obtained from a local
slaughterhouse and no laboratory animals were used for the experiments; previous
treatment and commercial use of the animal tissue were in accordance with Spanish
legislation. The samples were stored at -16°C after acquisition and until the measurements.

The two female ex-vivo human brain samples were facilitated by Dr. Emilio Gonzalez-
Arnay obtained from the Universidad de la Laguna and preserved in formalin. We select a
coronal section from each one of the brains (ULLA621 and ULLA251) and we carry out the
sectioning obtaining fragments of interest for its polarimetric study (noted as 11, 31, 22,
32 and 12). The use of these samples was approved by the ethics committee CHUC with
registration number CEIBA2019-0353 and CEIBA 2021-3113.

Figure 3-8 shows a coronal section of ULLA621 (a), where the three selected regions for
analyzing are marked with a white square (11, 22 and 31). A standard intensity image of
these regions is provided in Figure 3-8 (b), (c) and (d), respectively.

In the frontal lobe we centered our analysis in the paracentral gyrus (11), which at the
analyzed level is mainly composed of Brodamnn area 6, a relatively agranular (sparse layer
IV, see A2-A4) cortex that sometimes exhibits a prominent layer V (A4). Region 31
corresponds to the inferior temporal lobe, also predominantly neocortical. Finally, region
22 corresponds to a deep region of the human prosencephalon, which is composed by the
thalamus (t) separated by the stratum (str) by the internal capsule (ic). The thalamus is a
structure segregated into different nuclei by the internal medullary lamina (iml), being
highlighted the predominantly somatosensorial ventral posterior nuclei (vpn), which
receives the medial lemniscus (ml). The ventral posterior thalamus is separated from the
subthalamic nucleus (st) through a complicated area that includes Forel fields H1 and H2
and the zona incerta (zi). Forel field H2 is, in turn, formed by the ansa lenticularis (al) that
surrounds the subthalamic nucleus.
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(a)

ULLA621 ®)

Figure 3-8 (a) Coronal section of the female human brain noted as ULLA621. This
section corresponds to the frontal lobe of the brain. White squares in (a) denote the
regions selected for further analysis, the intensity images of 11, 31 and 22 are zoomed
in (b), (c) and (d), respectively. c and m indicate cephalic coronal and media directions,

respectively.

ULLA251

(b)

Figure 3-9 (a) Coronal section of the female human brain noted as ULLA251. This section is
taken at the AP (anterior posterior) +2 plane of the brain. White squares in (a) denote the
regions selected for further analysis, the intensity images of 32 and 12 are zoomed in (b) and
(c), respectively. (b) and (c) correspond to the parahippocampal gyrus (pg) and the posterior
middle frontal gyrus (mfg), respectively.
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In Figure 3-9 we present the second section of ex-vivo human brain inspected in this
work. (a) corresponds to the full coronal section of ULLA251, where the two selected
regions for analysis are indicated with the white squares (denoted as 32 and 12). These two
regions correspond to the intensity images (b) and (c). Figure 3-9 (b) is the
parahippocampal gyrus, which is defined medial to the collateral sulcus (cs) and composed
by the entorhinal cortex (ec) and the hippocampal formation (hc). The ec is a
periarchicortex with a relatively homogeneous layering at the level in which it was analyzed
and the hc is at three layered structure with a cell-rich pyramidal cell layer (pcl, in the
subiculum =Sb- and cornu ammonis —CA-), a stratum lacunosum moleulare (sim), and a
stratum oriens (so) both cell-poor. The hc is coated laterally by the alveus (alv), a white
matter tract. The region noted as 12 corresponds to the posterior middle frontal gyrus

(mfg).

To conclude this section, we provide an explanation of the processes applied to the
brain samples: the formalin fixation for the preservation of the human brain samples and
the posterior histochemical processes to histologically identify the structures of interest.

Formalin fixation: The immersion brains were obtained from cadaveric donors to the

University of La Laguna, perfused through the carotid arteries with 4% paraformaldehyde
and then extracted following a standard protocol including opening of the cranial vault and
careful sectioning of the cranial nerves, the tentorium and the medulla oblonga from
anterior to posterior. Afterwards, brains were fixed by immersion in 4% paraformaldehyde
at 4 °Cfor 4-5 days and transported to the UAB laboratory, where they were manually cut
into 1 cm. thick slices using the posterior edge of the anterior white commissure as
reference for the first cut. From these major sections, regions of interest were selected and
1,5 x 1,5 cm blocks were extracted. After polarimetric analysis, the tissue blocks were
dehydrated using successive overnight baths in 70°, 80°, 90° and 100° ethanol, one last
final overnight bath in xylene, embedded in paraffin, and cut in 5 um-thick sections.

Histochemical process: Cresyl violet (Nissl) was used for histological staining, previously

prepared as a solution of 1 g/l of cresyl acetate in crystals and 2.5 g/l of 100% glacial
acetate. Samples intended to be stained with violet were deparaffinized by overnight
heating at 60°C and brought to 100°, 96°, and 90° alcohol in successive baths, before being
subjected to a preheated Cresyl Violet bath for 30 seconds and two 5-second baths in a
mixture of Acetic Acid and 96° alcohol. They were then dehydrated with alcohols of
increasing concentration and covered with Eukitt ® before microscopic analysis.






Chapter 4 Discovering anisotropic and isotropic

depolarization sources

This chapter introduces a fundamental study that serves as the basis for the
development of new analytical tools, providing deeper insight into the depolarizing
characteristics of samples. Importantly, using the Indices of Polarimetric Purity as
framework, we describe two origins of depolarization sources, namely isotropic and
anisotropic depolarization. The analysis provided in this section relates to the results
presented in one of the articles comprising this thesis (Ref. [118]).

In this section we study the role of each one of the IPP in depolarizing processes, with
special interest in showing the connection between inherent physical properties of samples
and measurable macroscopic depolarization data. To do so, we simulate different kinds of
depolarizers originated by the action of pure polarimetric elements (linear diattenuators,
linear retarders or combinations of both), providing diverse cases of study leading to
depolarization and being easy to interpret. With these simulations, we found very
interesting results. In particular, depolarizers generated by these pure polarimetric
elements only show response in P; and P, indices, being P; = 1 in all cases. To get a
response in the P; index different kinds of depolarizers are needed, the so-called isotropic
depolarizers. However, these depolarizers are not achieved by the mentioned simulations.
In this sense, as stated before, we can divide depolarization into two different terms (1)
the one affecting only to P; and P, that is originated by microscopic constituent elements
of samples showing polarimetric anisotropy and (2) depolarization produced by isotropic
depolarizers that affect also the P; index, in this case it is related mainly to scattering
processes that losses any polarimetric information of the system. We have decided to
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name anisotropic depolarization to the process (1) and isotropic depolarization to the
process described in (2).

To conclude, we also provide an experimental part of the study to verify the results of
the simulations (section 4.3) and further interpretation of the results in terms of the Purity
Space (section 4.4).

4.1 Depolarizers simulations P; = 1

To study the effect of depolarization in the indices comprising the IPP we simulate
different depolarizers constituted by means of well-known (clear physical interpretation)
pure polarimetric elements such as linear diattenuators, linear retarders and combinations
of them. The idea behind the simulations and studies developed in this chapter is based on
Mueller's additive decomposition theory, where several decompositions of this category
demonstrate that a Mueller matrix representing a depolarizing system can be constructed
as the incoherent sum of simpler or even pure matrices [124].

In section 2.2, we introduced diverse decompositions of M; among them, the Parallel
decomposition allows us to decompose a depolarizing Mueller matrix in a convex sum of
M that can be pure, non-pure or a mixture of them. This decomposition allows building
Mueller matrices of depolarizers by means of the stated pure polarimetric elements. As a
first approach, by constructing a space of simulations obtained from different control
parameters (main characteristics of the constitutive pure elements) and analyzing the
related Parallel decomposition of the resulting Mueller matrices, we can relate the intrinsic
characteristics of the constitutive components of samples with the physical interpretation
of depolarization sources. In addition, they also relate different physical processes directly
with the magnitude of the different IPP.

Thus, the Mueller matrices constructed and inspected in this chapter are analyzed on
basis of the Parallel decomposition:
n

n
M=m002ai1\71i;ai20;zai=1, (4'1)
i=0

i=1

where q; is the weight of each M; comprising the summation. These simulations pretend
to mimic complex systems presenting dichroic and/or birefringent properties producing
depolarization.

In addition to the dichroic and birefringent characteristics introduced in the model by
including the pure elements, to approach more the simulations to real samples, we also
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aim to introduce certain dispersion in the orientation of such constituent elements, which
is highly representative, for example, of biological structures. For this reason, we add
different orientations to each element in the summation. That is, each one of the IWi
conforming our simulated sample is oriented at a given angle (6):

o o 4-2
11,(x,6) = Myt (—0) 7, (x)Myoe (6), -2
where M, (6) represent the rotation Mueller matrix (6) and M;(x) the normalized M of

the polarimetric pure element under study that can be a linear diattenuator (LD) or a linear
retarder (LR) [124]:
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where p, and p, are the amplitude attenuation coefficients for the x and y components,
respectively. In addition to these parameters, we can also compute the diattenuation value
of a linear diattenuator in terms of p,, and p,, as (see Eq. (2-6)):

p - [PE =Pl (4-5)
Pz + ;5
1 0 0 0
(o1 o0 0 | (4-6)
MLR(¢) 10 0 COS¢ Sind) ) 0< ¢ <,
0 0 -—sing cos¢

the angle ¢ is the phase shift introduced to the orthogonal components of the incident
light field. The matrices M;p, and M, correspond to the Mueller matrices of linear
diattenuator and retarder oriented at 0°, respectively.

At this point, we presented the Mueller matrices of the different elements used to build
the depolarizers. With the above presented physical parameters, diattenuation
characteristics (py, py), retardance(¢) and orientation (8) angles of the different terms
comprising the incoherent addition (Eq. (4-1)), we can control the depolarizers
characteristics. In addition, to make a more accurate approximation into the simulations
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and real samples present in nature such as, for instance, biological samples, we also
decided to add some more control parameters. Instead of assigning random values to the
parameters for each term in the summation, we chose to restrict their domain of variation.
We consider a group of dichroic, birefringent or combinations of them, with a privileged
value or direction and with deviations from this value or direction following a gaussian
distribution. This approach is justified by the fact that normal distributions are frequently
observed in nature, a phenomenon supported by the Central Limit Theorem, which
explains how the aggregation of many independent random factors often leads to normally
distributed outcomes. Therefore, the values of the parameters under control in the
simulations (A) are characterized by a mean value (4) and a variance (g,) that follow the
Gaussian distribution.

Here we provide a description of the control parameters in the simulations:

e n: number of matrices in the summation.

e ;: weight of every term in the summation. We chose the same weight for all
terms.

® Dy, Dyi: Mean values of the amplitude coefficients of the diattenuators in each
interaction(0 < py, < 1).

e 6: mean value of the orientation angle of the polarimetric element (diattenuator
and retarder) in each interaction (0 < 6 < ). This angle is arbitrary fixed to =
60° for all the simulations, the mean value of the rotation angle does not affect the
simulations. It can be interpreted as a rotation of the system, and thus, the
polarimetric properties of the samples are not affected

e ¢:mean value of the retarder total retardance (0° < ¢ < 360°).

*  0p,,0p,, 0¢ 0p: variance value for the amplitude coefficients and the orientation
angle.

We want to note that the number of components in the incoherent addition is fixed to
n = 1500 in all cases. The depolarizing (and enpolarizing) response of the simulated
systems was not affected by increasing the number of simulations (n) from a given limit
value. In this sense, by selecting low values of n (n < 20), the response was sensible to this
factor, but fromn > 1000 the system was very robust. Our main goal was to reproduce
real biological systems, here we are talking about millions of unitary elements. However,
the computation time for such a number was too large and we realized that with lower n
values the response was the same. Therefore, we chose lower (but representative) n
values (n = 1500 in our case) to study the systems.

In the following sections, we present the results for the depolarization response of
different sorts of depolarizers, through the analysis of the IPP, for different values of the
control parameters. In particular, depolarizers generated by means of the incoherent
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addition of diattenuators are described in sec. 4.1.1, sec. 4.1.2 show those corresponding
to retarders and in sec. 4.1.3 we present the results of the combination of retarders and
diattenuators.

4.1.1 Linear diattenuators

The first depolarizers we describe are constituted by the incoherent addition of
diattenuators (M, p). Therefore, Eq. (4-1) for this case is given by:

n

M(Pyir Py, 0) = Moo Z aiMypi(Dxi yi, 6)-

=1

(4-7)

To obtain depolarizers by means of linear diattenuators we obtain a model where we can
control the mean value and variance of several parameters (py;, py;, 0) as well as the
number of interactions in the simulation (n) and the weight of each component («;).

To simplify, we decided to vary only one of the amplitude coefficients, since both are
equivalent, we arbitrary chose p,,, fixing the value of p,. Therefore, for each of the
simulated depolarizers, we set a constant value for (p,, 9_) and for each term in the
summation we vary the values of Dy, and, og. To conduct the simulations, for a fixed value
of py, we perform a series of simulations varying the values of p,, between 0 and 1 with
steps of 0.003 and a null variance (apy = 0). The mean value of the orientation angle is
fixed to 8 = 60° and its variance (gy) takes values between 0° and 180° with steps of 0.6°.
Therefore, for each value of p,, we perform 300 x 300 = 90.000 simulations. That is, we
simulate 90.000 depolarizers with characteristics given by the correspondent inherent
parameters.

To study the depolarization features of the implemented systems, we calculate the IPP
corresponding to each simulated Mueller matrix. The results for the P;,P, and P3
parameters are shown in Figure 4-1 and Figure 4-2 corresponds to the P; index, where we
see that the behavior of P; as a function of gy (y axis) and p,, (x axis) is constant (P; = 1)
independently of the value set for p,. In Figure 4-2 (a)-(f)), each row corresponds to the P;
and P, values for different p, values (1, 0.5, 0.1; from top to bottom). In both cases, the x
axis provides the values for the p,, parameter, y axis show the values for the variance of
the orientation angle (og) and the colorbar indicates the color code representing the value
of the IPP (from red (0) indicating total depolarization and dark blue no depolarization at
all (1)).
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Figure 4-1 P; value of the simulated M composed by the incoherent addition of linear
diattenuators. The x axis represents the value of p,, from 0 to 1, and the y axis corresponds to
0y, taking values from 0° to 180°.

The first interesting result is the behavior of P;. Figure 4-1 shows that the response in
the P; indexisindependent of the simulation control parameters, (pcontrolin the p,, gg),
and it is always equal to 1. We can conclude that, by means of the incoherent addition of
linear diattenuators the value of the P; parameter is not affected. This result leads us to
understand that the depolarization caused by dichroic structures cannot be assessed
through the P; channel, which must contain information distinct from this mechanism (as
will be discussed later).

In contrast, we find interesting dependencies between the P; and P, channels with the
studied control parameters, as shown in Figure 4-2, where both show very similar function
distribution with py,p, and gy. The general dependence of P, and P, in the control
parameters (p,, gg) is equivalent, however we find a vertical shift in P, channel as py
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increases. This situation is explained by the inequality shown in Eq. (2-32), which forces P,
to have larger or equal values than P;.

Py P,

160 (@

120

Py

Figure 4-2 Results for the P; and P, indices of the simulated M composed by the incoherent
addition of linear diattenuators. The x axis represents the value of p,, from 0 to 1, and the y
axis corresponds to oy, taking values from 0° to 180°. Each row corresponds to a p, value
(1,0.5,0.1; from top to bottom).

Interestingly, the depolarization response is very dependent on gy, this parameter
represents the disorganization of the elements, in this case the diattenuators, forming the
depolarizer. In Figure 4-2 (a) to (f), for low values of oy the system does not present
depolarization (P; = P, = P3 = 1, dark blue in the images). Depolarization is achieved for
values of gy ~18° (see red arrow in Figure 4-2 (a)), when values of P; start to decrease from
the non-depolarization case (P; = 1). In the P, channel this effect starts for larger values
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of ag (09~22°; see red arrow in Figure 4-2 (b)). This situation corresponds to M of samples
constituted by a substantial disorganization of the linear diattenuators. The
disorganization, represented by oy parameter, has a threshold around 50°, where the
maximum depolarization in P; and P, is achieved (P; = P, = 0) and these values are
maintained when increasing gg. These conditions also depend on the values of the
attenuation parameters (py, py,), we analyze these dependences in the following.

We can further analysis the IPP regarding the similarities between the P, and P,
channels and the dependence with p,, and p,, parameters. In Figure 4-3 we present the
results for P; for a range of p, values (1 (a), 0.9 (b),0.7 (c), 0.5 (d), 0.3 (e), 0.1 (f)). As
shown in Figure 4-2, the behavior of P, is the same but, with a vertical shift. In this case,
we reduce the representation range of a5 (0° — 90°) since the threshold for this parameter
is around 50°.

80 “(a) |

10 02 04 06 08 10 02 04 06 08 1
py py

Figure 4-3 (a)-(f) P; values for simulated samples composed by the incoherent addition of
diattenuators, with p, = 1,0.9,0.7,0.5,0.3,0.1. The x axis represents the value of Py from 0
to 1, and the y axis corresponds to gy, taking values from 0° to 90°.

Figure 4-3 from (a) to (f) represents the decrease in the value of p, of the simulated
samples. This increase represents a higher depolarization response in the images, see how
the dark blue zone (no depolarization) decreases as p,. takes lower values. Moreover, it is
interesting to study the non-depolarizing zones; the white dashed line in the figures
represents the p, = p,, situation and corresponds to P; = P, = P; = 1. Recalling Eq.
(4-4), for this case, the Mueller matrix of a diattenuator becomes the identity
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(diag(1,1,1,1)) which acts as a neutral polarimetric element (i.e., we are representing a
non-dichroic element). Depolarization starts appearing as py and p,, values separate and
M differs from the identity. The appearance of depolarization with respect both p, and
0g occurs earlier as p,, value is lower. For instance, Figure 4-3 (e) and (f) with p,, = 0.3 and
px = 0.1 we see two high depolarization zones. In Figure 4-3 (e), the zone 0 < p,, < 0.1
have values of P; from 0 to 0.65 and for 0.7 < p,, < 1, P, achieves depolarization values
in P; between 0.7 and 0.5. In Figure 4-3 (f), P; decreases until 0 — 0.5 in the range 0 <
py <0.1and for 0.4 <p, <1 P;is around 0.6 — 0.4. The values of P, are almost the
same and, P, = 1 for all cases. These corresponds to ag > 18° for P; and ag > 22° for P,.

Regarding the above-stated results, we observe that the depolarizing effect becomes
more pronounced as the relative difference between p, and p,, increases — that is, when
the diattenuation effects of the constituent elements become more significant. For this
reason, it is of interest to perform the same analysis in terms of the diattenuation
parameter (D, see Eq. (2-6)), where the effect of p, and p,, is combined. Figure 4-4 shows
the values of D obtained from the Mueller matrices resultant from the incoherent addition
of linear diattenuators with oy = 0 and values of the attenuation coefficients ranging from
0 to 1. The colormap corresponding to the diattenuation values goes from red color (D =
0) when no diattenuation is present in the sample to dark blue color (D = 1) correspondent
to an ideal diattenuator.

D

0 02 0.4 0.6 0.8 1
Py

Figure 4-4 Value of diattenuation for the incoherent addition of linear diattenuators with gg =
0°,x andy axes correspond to p, and p,, parameters, from 0 to 1.

The diagonal dark red line crossing the image in Figure 4-4 corresponds to D = 0 (no
dichroism is present), this situation corresponding to equal attenuation values p, = p,,
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(generating in all the cases the identity matrix). We can relate this line with the zones in
Figure 4-2 marked with the white dashed lines where the depolarization is zero (P, = P, =
P; = 1). That s, this represent the situation where D = 0 and the system is not capable to
enpolarize or depolarize. As we move far from this diagonal line (p, # p,, situation) the
diattenuation value D increases and it takes values going from 0 to 1 (see transition from
dark red to orange-yellow-green-blue).

In addition, we can establish a connection between the diattenuation value of the
constituent elements (associated with a pair of values p, and p,, as shown in Figure 4-4)
and the corresponding depolarizing response of the system, described in Figure 4-3. The
yellow and purple dashed lines in Figure 4-4 correspond to the values p,, = 0.7 and p,, =
0.3, respectively, with p,, taking values in its full range. Following the purple dashed line,
we see how the value of D increases with Dy, reaching the maximum value of D = 1 when
the dashed purple line intersects with the diagonal red line (i.e., p,, = 0.3; corresponding
to the p, = p, case). This behavior explains the depolarization results shown in (e) and (c),
where the values showing no depolarization correspond to the situation where D = 0,
whereas for the situation where D approaches the maximum value of 1, the depolarization
capability of samples increases, achieving IPP values different from 1. In other words, when
the polarimetric feature reaches its maximum, the statistical mixture of such elementary
elements has a high potential to generate depolarization.

Complementary, the yellow dashed line in Figure 4-4 corresponds to the case of p,, =
0.7. By analyzing the behavior of D, the values equal or near 1 correspond to the zone
where the range of p,, is (0 — 0.3); this corresponds to the left part in the image. In this
case, for values of gy higher than the mentioned limit, the system depolarizers
anisotropically. However, as p,, increases (D decreases) the depolarization capability of the
system is lost because the system becomes less dichroic.

4.,1.2 Linear retarders

In this section, we inspect the case of depolarizers constituted by the incoherent
addition of linear retarders. The procedure for the simulations is analogous to the previous
section and the considerations for the parameters n, a; and 0 are the same (n = 1500,
6 = 60° and a; equal for all terms) and the incoherent addition of liner retarders M, p; is :

n

M@,0) = mao ) aiMupe(®1,0) ;

=1

(4-8)
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The results of the IPP values of the depolarizers resulting from these simulations are
presented in Figure 4-5 and Figure 4-6. Figure 4-5 shows the results for P;, P, and P3
indices. The x axis represents the mean value of the retardance, with values from 0° to
360° and null variance (o¢ = 0) and the y axis represents the variance of the orientation
from 0° to 180.

Py Py

160 B

0 (°)

0 90 180 270 360 0 90 180 270 360 0 90 180 270 360
Q) $(©) Q)

Figure 4-5 Results for the IPP of the simulated M composed by the incoherent addition of linear
retarders. (a) Py, (b) P, and (c) P3, where the x axis represents the value of ¢ from 0° to 360°,
and the y axis corresponds to ay, taking values from 0° to 180°.

In this case, the analysis of Figure 4-5 shows the same behavior of P; than in the case of
the diattenuators, P; = 1 independently of the control parameters. This generalizes the
previous result not only to the dichroic case but also to the birefringent one. It can be stated
that, when generating dispersion from pure polarimetric elements (linear retarders or
diattenuators), the behavior of P; remains unaffected. In contrast, P; and P, are the
channels sensitive to the statistical distribution of these constituent polarimetric elements.
However, we do find differences in the results for P; and P,, in contrast to the depolarizers
generated by diattenuators, the behavior of the two indices is clearly differentiated (see
Figure 4-5 (a) and (b) for P; and P,, respectively). If we inspect Eq. (4-6), values of ¢ close
to 0° and 360°, the Mueller matrix of the retarder becomes the identity (diag(1,1,1,1),
behaving as a neutral polarimetric element (see yellow zones in Figure 4-5 (a) and (b);
P, = P, = P; = 1). Depolarizing zones correspond to values for 40° < ¢ < 320° and
orientation disorder of the retarders gy > 10° (see Figure 4-5 (a)). P; takes values from 0.9
to 0 and P, from 1 to 0. In the same way as the diattenuators, depolarization is obtained
for gy > 10°, reaching values of P; < 1. In the case of P, channel, values lower than 1 are
obtained for a higher disorder (gg > 20°). In addition, there is a threshold value for gy
above which depolarization stops increasing, oy~509 (see Figure 4-5 (b)). More in detail
in Figure 4-5 (a) and (b) distributions, the index P; shows one minimum valley, whereas P,
channel shows two (i.e. P; distribution between ¢ [0° — 360°] range occurs as well for the



Depolarizers simulations P3=1 83

P, channel, but in the ¢ [0° — 180°] range, and it is doubled in the full range. For values of
¢ close to 180°, P, =0 and P, =1, this situation corresponds to a M =
diag(1,1,—1,—1). Therefore, with the index P; we can be able to differentiate between
this case and the above-discussed scenario of ¢ near 0° and 360°. This difference between
P; and P, is useful to distinguish between depolarizers constituted by linear retarders with
different mean retardance values. For instance, ¢ = 90° leads to P; and P, values close to
zero,avalue ¢ = 180°to P, = 0 and P, = 1 and avalue of ¢p = 0° or 360° to P, = 1 and
P, = 1. Importantly, this diversity between P; and P, responses indicates that the ability
to discriminate between different depolarizing systems originating from retarders using
the IPP is even greater than in the dichroic case, as further discrimination is enabled by the
distinct responses of such channels.

40

120 160 0 40 120 160

80 80
o5 (9 oy (°)

Figure 4-6 Results for the P; (first and third columns) and P, (second and forth columns) values
of the simulated M composed by the incoherent addition of linear retarders. The x and y axes

represent the variance range of the mean orientation and of the mean retardance, respectively;
the mean value of the retardance variates from 20° to 160° in steps of 40° for each pair of IPP.

To achieve a more complete analysis, Figure 4-6 shows the dependence of the IPP in
terms of the variance of the retardance (o) and the variance of the orientation (ag) for
different values of (]3 The x axis resents the variance of the retardance, with values from
0° to 180° and, the y axis represents the variance of the orientation from 0° to 90°. For
each of the rows in the figure the value of the retardance varies from 0° to 160°.
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As for the case of linear diattenuators, when the disorder of the elements comprising
the depolarizers is low (that is, low values of gy and o) no depolarization is present
(P; = P, = P; = 1; dark blue color). In all cases, depolarization is zero for gy < 10° and
og < 10° (see P; images in the figure). An increase in the value of the variances is
translated into larger depolarization capability, that is, lower values for P; and P,.
Regarding the dependence of depolarization with the main value of the retardance q.'_> in
Figure 4-6 (a) to (j) we observe that, as the value of ¢ increases, the dark blue zone
decreases, that is, a higher value of the mean retardance produces depolarization for more
values of the combination g and . This occurs for ¢ < 160°, when the value of ¢
approaches 180° the value of P, starts decreasing, we can see this behavior in the second
blue zone in Figure 4-6 (b). It is reasonable to consider that certain mean retardances may
have a greater or lesser capacity to induce depolarization, given that the complexity of the
Mueller matrix expression for a retarder depends on this parameter. Specifically, cases with
zero retardance or integer multiples of 2r result in the identity matrix. As the retardance
deviates from these special cases, the resulting Mueller matrices exhibit increasingly
complex structures (with fewer zero elements). The statistical dispersion of these
structures contributes to a higher depolarization capacity, which is reflected in the P; and
P, depolarization channels.

We omit the images for the P; channel to avoid redundancy, P; has the same behavior
for all cases as the presented in Figure 4-5 (c). The incoherent addition of linear retarders
is not able to decrease P; value.

4.1.3 Addition of linear retarders and linear diattenuators

Finally, we combine the dichroic and birefringent properties, representing more
complex systems. To do so, we first build a Mueller matrix (M5, ;) as the ordered product
of a diattenuator (1\7ILDl-) and a retarder (MLRi):

i i O 4-9
Mcomp,i = MLDi(pxi' pyi)MLRi(¢)- (4-9)

To perform the simulations, we proceed similarly as in the previous subsections. In this
case, we conduct the incoherent addition of n Mueller matrices, Mcomb,ir whose four
different control parameters are: attenuations (py, P, ) , retardance (¢) and the variance
of the orientation (gg), where the angle (8) refers here to a rotation of the whole structure
Mcomb,l-. As in the previous simulated case, the variance of the orientation follows a
Gaussian distribution, and the mean orientation of the system is not considered as does
not modify the depolarizing response of the system (it is arbitrarily set to 60°).
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Figure 4-7 shows the results of P; and P, parameters, we omit the P; images because
for this case it is also always equal to 1. Again, P is not sensitive to the depolarization
induced by linear polarimetric structures, even when they are mixed. Additionally, to
simplify, we use the parameter D to describe the part related to dichroism and the mean
value of the total retardance (¢) for the retardance properties. In the figure, each set of
two images in a row represents a value of D (D = 0 in Figure 4-7 (a)-(b), D = 0.4 in Figure
4-7 (c)-(d), D = 0.6 in Figure 4-7 (e)-(f) and D = 1 in Figure 4-7 (g)-(h)); the axes of the
figures represent the variance of the orientation of the system (y axis; from 0° to 90°) and
the mean retardance value (x axis; from 0° to 180°). We observe a clear dependence of
depolarization with the value of D. For low values of diattenuation (D < 0.4; Figure 4-7 (a)-
(d), the dependence of the IPP with gy and ¢ is the same as the one shown Figure 4-7
(depolarizers generated only by birefringent elements). However, when increasing the
diattenuation value, that is, the dichroic component of the systems ( D > 0.6; Figure 4-7
(g)-(h)) in the Mueller matrices, the behavior of the IPP starts to be dominated by the
dichroic component. For this case, P; and P, have the same response (as in section 4.1.2),

with a vertical shift due to the inequalities among the IPP.
P; P,
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Figure 4-7 Results for the P; and P, values of the simulated M composed by the incoherent addition

of linear retarders; each pair of images represent different values for the diattenuation: a), b) D =

0;c),d)D =0.4;e),f) D = 0.6;and g), h) D = 1. The x and y axes represent the variance range of

the mean orientation and the mean retardance, respectively.

Summarizing, the simulations shown in this subsection, originated by the incoherent

addition of simple polarimetric elements (retarders and diattenuators), do not modify the
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value of the P; index (P; = 1 in all cases). However, when studying P; and P, parameters we
observe that they have a significant dependence on the model parameters: attenuations and
diattenuation (py, p, and D), retardance and variances of retardance (¢) and orientation
(og, T ). Therefore, these two indices have clear connection with physical features of
depolarizing structures and can be useful to reveal underlying properties of systems and to
differentiate between depolarizers based on dichroic or birefringent constituent units, even
in the absence of prior information about the samples. However, in the results obtained for
real samples we obtain values of P; < 1. This leads to a question: what mechanisms are
responsible for reducing the P; channel of the IPP if they are not the linear polarimetric
elements studied in this section? In the next section we explore which are the structures or
configurations that can decrease this parameter.

4.2 Depolarizers simulations with P; < 1

Real depolarizing systems usually have values of P; lower than one, even achieving very
low values [112,139,155]. For instance, in section 4.3 we present a table (Table 4-1) with
the IPP values of different macroscopic biological samples, where the P values of different
structures within the samples ranges between 0.1 — 0.45. Of course, these samples are
composed of anisotropic elemental units; animal tissue is mainly composed of collagen
fibers [156], which can be described as retarders. Also, vegetal samples are formed by
dichroic units [42,157], which can be described as diattenuators.

In this section we try to find the physical mechanism that describes the depolarization
behavior of real samples with P; < 1. In this sense, we find it interesting to study the
Characteristic decomposition of M in terms of the IPP (see Eq. (2-37)). This decomposition
describes the Mueller matrix of any depolarizer as the contribution of four elements where
each of them is weighted by the IPP or linear combinations of them. The first term,
weighted by P;, corresponds to the pure or non-depolarizing part of the system; the second
and third terms, weighted by P, — P, and P; — P,, respectively, are the terms representing
depolarization due to 2D and 3D depolarizers. The last term, weighted by 1 —P3,
corresponds to a perfect depolarizer diag(1,0,0,0). This last term in the decomposition,
the perfect depolarizer, corresponds to a system that has the capability to fully depolarize
any incident SoP and, therefore, it must have some connection with the P; value because
a perfect depolarizer accomplishes P; = 0 (and thus, P, = P, = 0).

We realized that there must be a mechanism in the systems that generates, to a certain
extent, this pure depolarizer contribution, decreasing the value of P;. To include this
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process in our models, and check if this hypothesis is valid, we add a new term in the
simulated Mueller matrices inspired by the Characteristic decomposition. In this sense, the
simulated systems in this section can be written as the incoherent addition of a first term
describing the contribution of depolarization originated by dichroic and/or birefringent
elements (as in the previous section) and a second term (M;,,) representing the perfect
depolarizer contribution:

n/ m
M =myoM = Z a;(mooM;) + Z Bi(mooMiso) ;

l J
ns/ m
ai,BjZO; Zdl+2ﬂ]:1,
{ J

(4-10)

where n’ + m = n. In section 4.1, the simulations considered correspond to the first term
of the summation (X" @;(mgoM,)). In this section, we divide the terms in the contributions
of M; (n') and M;s, (m). The second term (M;,), is the perfect depolarizer (M;s, =
diag(1,0,0,0)), so it can be written as:

m
z ﬂj(mOOMiso) = ﬂmOOMiso'
j
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and Eq. (4-10) can be expressed as follows:

(4-11)
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In section 4.1 we show the depolarization effect of the first term in Eq. (4-12), leading to
P; = 1in all cases. The second term leads to P; = 0 in all cases because as said, the IPP
calculated for M;,, are P, = P, = P; = 0. This term must be connected to isotropic
processes introducing polarimetric randomness that change the properties of the
polarization ellipse and its propagation direction with such a level of arbitrariness that any
polarimetric signature is lost in space-time integrations, and as a consequence, any incident
SoP is fully depolarized. We will refer to this depolarization, caused by such types of
structures, as isotropic depolarization, in contrast to the anisotropic depolarization
discussed in the previous section, which arises from polarimetric anisotropy in the
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constituent elements. Let us then call the first term in Eq. (4-12) as the anisotropic
depolarization term, and the second one as the isotropic depolarization term.

For the study of the depolarization response of systems comprised by the anisotropic
and isotropic terms, we repeat the simulations performed in the previous section but with
a new control parameter 3, controlling the relevance of the isotropic depolarization term
in the samples. For the sake of simplicity, in the following we show some representative
results for each case and a more complete study of the relation between P; and .

4.2.1 Simulation results

In the following, we present the simulations of systems consisting of a combination of
both anisotropic and isotropic components, following Eq. (4-12).

Figure 4-8 shows the IPP values of simulated systems where the anisotropic component
of the resultant M is composed by the incoherent summation of linear diattenuators. The
attenuation coefficient p,, takes values between 0 and 1, og ranges from 0° to 180°, p, is
fixed to 0.9 for Figure 4-8 (a)-(f) and to 0.2 for Figure 4-8 (g)-(l). The value of the parameter
B governing the isotropic component is set to f = 0.2 for Figure 4-8 (a)-(c) and (g)-(i) and
B = 0.6 for Figure 4-8 (d)-(f) and (j)-(I).

We can compare results in Figure 4-8 with the previous simulations based on linear
diattenuators (no isotropic component present) shown in Figure 4-2. The dependence of
the indices P;, P, and P; with the control parameters py, p, and gy is the same as in
section 4.1.1. Interestingly, although the value of P; remains constant with respect to the
control parameters of the diattenuators based structure, we observe that it is no longer
always equal to 1, but its overall value now depends on 8. Consequently, although the
structure of P; and P, is equivalent to the case without isotropic depolarization, their
range of values is reduced when P; decreases, due to the inequality described in Eq. (2-37)
(0 = P, = P, = P; = 1). In particular, as the value of 8 increases, that is, as the weight of
the isotropic component in the simulation increases, the value of P; decreases. In Figure
4-8 (c) and (i), showing the P; value for two different p, cases (0.9 and 0.4 respectively)
and with S set to 0.2, the depolarization variations dependence with p,. are seen in P; and
P, channels, but P; decreases to the same constant value of P; = 0.8 in both cases.
Importantly, note how P; and P, still maintains the previous dependence with the
anisotropic control parameters but with the range of values decreased due to the stated
reduction of the P; value. This behavior happens until the limit where f~1 (corresponding
to P; = 0), where all the weight in the summation of Eq. (4-12) is due to the isotropic term
and the anisotropic information is completely lost. In turn, Figure 4-7 (f) and (l) show the
results for P; with higher isotropic content, § = 0.6. In this case, P; decreases to 0.4. P;
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and P, also show the same dependence with anisotropic parameters (see Figure 4-1) and
a decrease in their values due to the added isotropic term.
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Figure 4-8 IPP results for simulated samples composed by an anisotropic (generated by the
incoherent addition of diattenuators) and an isotropic part. The x and y axes correspond to p,,
and the variation of orientation gy, respectively. The two first rows correspond to systems with
a constant value of p,, = 0.9 and the second last rows to p,, = 0.4. In both cases, the first set
of IPP ((a)-(c) and (g) to (i)) represents the results for § = 0.2 and, the in IPP images in (d) to (f)
and (j) to (I) the weight of the isotropic termis § = 0.6.
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In Figure 4-9 and Figure 4-10, we present the results for depolarizing Mueller where the
anisotropic term corresponds to the incoherent addition of linear retarders. The first set of
simulations, Figure 4-9 (a)-(f) correspond to the case of fixing the mean retardance ¢ and
varying the standard deviation of both orientation (oy € [0,180]) and retardance (o €
[0,180]) angle. The weight of the isotropic term is § = 0.2 for the first row and § = 0.6
for the second row. We can compare these results with Figure 4-5 (a)-(b) in section 4.1.2,
where the anisotropic characteristics are the same but § = 0. As in the previous case, the
IPP dependence with the anisotropic parameters present the same structure as when no
isotropic depolarization was present, the effect of the isotropic term is to decrease the IPP
values in proportion to the weight of isotropic depolarization, 3.
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Figure 4-9 Results for the IPP values for simulated samples composed an anisotropic part
(generated by the incoherent addition of linear retarders) and an isotropic part
(diag(1,0,0,0)). The x and y axes correspond to the values of variation of retardance gy and
orientation gy, respectively for a constant value of retardance ¢ = 20°. First row and second
row correspond to 8 values of 0.2 and 0.6, respectively.

For a further analysis, in, Figure 4-9 (a)-(f), we show the results for the case of fixing
o4 = 0 and varying gy in the range [0°,180°] and the ¢ € [0°,360°]. The first and second
row in this set of images correspond to f = 0.2 and § = 0.6, respectively. Figure 4-6
represents the same simulation without the isotropic term (f = 0). The results are in
agreement to the ones described above.
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Figure 4-10 Results for the IPP values for simulated samples composed an anisotropic part
(generated by the incoherent addition of retarders) and an isotropic part (diag(1,0,0,0)). The
x and y axes correspond to the values of retardance ¢ and orientation variation og,
respectively for a constant value of retardance variance g, = 0°. First row and second row
correspond to 8 values of 0.2 and 0.6, respectively.

Summarizing, we prove that the P; channel of the IPP is sensitive to the contribution
of the isotropic term, added to the simulations (fmyoM;s,), in depolarizing systems,
whereas the P, and P; channels are suitable to study the anisotropic contribution, which
is connected with the polarimetric features of constituent elements. Moreover, the effect
of this term does not change the dependence of depolarization with the anisotropic control
parameters, all the figures representing P; for the presented examples show a
homogeneous color, maintaining the independence of P; values in the x and y axes values
(and any other anisotropic related parameter). In contrast, P; has a direct and linear
dependence with S (see Figure 4-10).

This dependency between P; and ff can be obtained through the study of the
Characteristic decomposition (Eq. (2-37)). Since 1\713 = Miso, by comparing Eq. (2-37) with
Eq. (4-12) we can find the following relation:

BmgoMiso = (1 — P3)(mgoM3) (4-13)
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and thus, § = 1 — P5. This analytical result agrees with the values of P; for the different
simulations we shown in this section. Moreover, considering the relation between the
weight of the anisotropic («;) and isotropic () term (Eq. (4-10)) together with § =1 — P;,
we obtain:

nr nr n'
4-14
1=Zai+ﬁ=2ai+(1—P3)—>Zai=P3. ( )
i i i
With this, we can reformulate Eq. (4-12) and express the weight of each component in
terms of P;. To this aim, we define the following normalized Mueller matrix MA:
nr/ 1 nr/
ZaiMi :P3MA _)MA :P—Z al'Mi. (4-15)
- 34
L L
Then, the equation can be written as:

— o 4-16
M = PymgoMy + (1 — P3)(mgoMs3), ( )

where, M, is defined by Eq. (4-16) and M3 = M;,. Note that both the weights of the
isotropic (mgoM3) and anisotropic (mgoM,) contributions in the final Mueller matrix are
controlled by P;. For P; = 1 the isotropic term is zero (no isotropic depolarization), and
thus, all the depolarization arises from anisotropic sources. In contrast, for P; = 0 the
anisotropic term is cancelled and the anisotropies of constituent elements do not
contribute to depolarization. In such a case, all depolarization is due to the isotropic term,
and corresponding samples behave as perfect depolarizers. In the intermediate regime 0 <
P; < 1 both depolarizing origins (isotropic and anisotropic) coexist, and the predominant
effect is set by the value of P;, this is the more common scenario when measuring
macroscopic biological samples. Under this scenario, we obtain an interesting and
fundamental result, giving channel P; a physical interpretation that can be very useful for
easily discerning, based on polarimetric measurements, the origins of depolarization in real
samples.

We also want to note that there are complex mechanisms in the sample-light
interaction processes leading to isotropic depolarization. That is, isotropic depolarization
can also be produced by anisotropic sources related to the samples composition, but with
structures more complex than these above proposed (for instance, not restricting the
elements to linear anisotropies). In some cases, the intrinsic microscopic components of a
sample are able to randomize the polarization state of light transforming an incident fully
polarized SoP to a fully depolarized state. However, even if this depolarization has an
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anisotropic origin, the depolarization signature is the same for all the SoPs interacting with
the sample. Therefore, it is still correct to classify it as isotropic depolarization because all
the polarization states have the same result after interacting with the sample and thus, all
the intrinsic information leading to depolarization is totally lost.

4.3 Experimental results

To prove the validity of the above-described simulations, in this section we provide
some experiments where we mimic the simulated scenarios described in sections 4.1 and
4.2, representing anisotropic and isotropic depolarizing systems.

In the first experiment, we measured the Mueller matrix image of a radial polarizer
(from Codixx). This element consists of 12 spatial sectors behaving as linear polarizers, each
one of them with different orientations (see Figure 4-11 (a)). Each pixel of this element can
be understood as a linear polarizer with the orientation corresponding to the spatial sector
belonging to. To mimic the simulations of section 4.1.1, we select a region of interest (ROI)
centered at the intersection of all the sectors (see the 344 X 471 pixel white square in
Figure 4-11 (a)) and containing pixels from all linear orientations present in the radial
polarizer. Also, different ROIs were chosen in order to further validate the results. Then,
the M of all the pixels within the ROI are added, this mimicking the incoherent addition of
linear polarizers with different orientations (each one of the pixels in the ROl is equivalent
to the M; in Eq. (4-7)). This element can be considered as a diattenuator with large p, value
(px~1) and low p,, value (p,~0). The orientation angle varies between 0 and 27 through
the different sectors, therefore we consider that the variation of the diattenuators angle in
the ROl is 2.

To provide also the experimental proof for the retarders, the second experiment
consists of measuring the Mueller matrix image of a liquid crystal g-plate (model WPV10-
633 from Thorlabs; see Figure 4-11 (b)). This element is a patterned liquid crystal plate that
can be understood as a linear retarder with a fixed retardance which depends on the
illumination wavelength (ideally m radians for the wavelength of 633 nm) and whose
neutral axes orientation changes with the spatial position, achieving orientations between
0 and 27 [158]. In analogy as the diattenuator case, we calculate the total M by adding the
Mueller matrices of all the pixels inside the ROI shown in Fig. (b) (344 X 471; see pink
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rectangle). This result mimics the scenario discussed in sec. 4.1.2, where retarders with
different orientations were added.

Figure 4-11 (a) Radial polarizer illuminated with linear polarization (45°), where each of the sectors
indicates a different linear polarizer orientation (between 0 and 2m); each color in the polarizer
sector represents a change in orientation of 30° with respect the previous sector. (b) Q-plate
image; linear retarder (phase 1 for 633 nm of illumination) with different orientations, between 0
and 27 represented by the color change in the Figure. In both cases, to see intensity variations
associated with different orientations the elements are sandwiched between two crossed
polarizers.

Note that the Mueller matrices resulting from the addition of the individual-pixels
Mueller matrices within the select ROls in Figure 4-11 (a) and (b) represent examples of the
anisotropic depolarization samples, as they are constructed as the addition of non-
depolarizing linear diattenuators or retarders with different control parameters
(orientations in these cases).

For completeness, we also provide some cases of study showing isotropic
depolarization. Therefore, we chose samples composed of elements producing isotropic
scattering processes. The first sample is a diffuse reflector (Diffuser DG10-220-PO1, from
Thorlabs) consisting of a N-BK7 substrate with a rough surface coated with a silver thin film.
This roughness diffuses the light in all directions and acts as a source of isotropic
depolarization. We also provide results for a second sample consisting of standard white
paper. White paper is composed of sheets of a mat of random interwoven cellulose fibers
with different orientations. This randomness in the paper composition makes this sample
a possible source of isotropic scattering. These elements are measured with an illumination
beam perpendicular to the surface of the samples, at 1500 nm for the silver diffuse
reflector surface and 660 nm for the white paper. The white paper sample was measured
by the Mueller polarimeter described in section 3.1, the radial polarizer and the g-plate
were measured in the laboratory of Prof. Ignacio Moreno with the Mueller polarimeter
described in ref. [158] and the diffuser was measured by Dra. |. Estévez in the University
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of Minho (see Ref. [49] for more information of the polarimeter). In these cases, to
compute the IPP values of these samples we chose a ROI centered in the image and
calculated the mean value and standard deviation corresponding to each IPP. For the
diffuser the ROl was 70 x 70 pixels and in the case of the white paper it was a 150 X 150.

In the following table, the IPP experimental results for the four samples described above
are presented:

Py P, Py

Radial polarizer 0.163 0.876 1

Q plate 0.288 0.727 1
Diffuser 0.05 £+ 0.02 0.11 4+ 0.03 0.20 £ 0.04
White paper 0.05 + 0.02 0.14 + 0.03 0.29 £ 0.07

Table 4-1 IPP results for the experimentally measured samples representing depolarizers comprised by
anisotropic and isotropic depolarization contributions.

The first two rows of Table 4-1 show the results of the IPP for the radial polarizer and
the Q-plate experiments. The IPP were calculated from the Mueller matrices of the samples
measured with an illumination wavelength of 660 nm. Note that the IPP calculated from
the total ROIs Mueller matrix, resulting from the incoherent addition of the M, of the
different pixels in the ROIs (see Figure 4-11), agree with the simulated results presented in
sec. 4.1. In section 4.1 we analyzed anisotropic systems where the value of P; is always
equal to 1. In both cases inspected we obtain depolarization, since P; and P, are lower
than 1, but P; = 1 in both cases, as expected, confirming that the radial polarizer and the
Q-plate based depolarizers are anisotropic depolarizers.

In Table 4-1, the last two rows correspond to the IPP results of experimental M
obtained from the samples with isotropic depolarization contribution. As expected, P; # 1
in both cases, showing the isotropic nature of the depolarization produced by these
samples. The two examples show a high contribution of isotropic depolarization; the silver
diffuse reflector achieves a value of P; = 0.200 and the white paper P; = 0.294. The fact
that P; # 0 implies that the samples also have anisotropic depolarization contribution. The
origin of the anisotropic depolarization must be related to the polarizing properties of the
constituent elements. In the case of white paper, the cellulose fibers comprising the paper
contribute to the anisotropic depolarization [42,159]. In the case of the silver diffuse



96 Chapter 4 Discovering anisotropic and isotropic depolarization sources

reflector, the anisotropic contribution can be due to the non-ideality of the fabrication
process and some intrinsic polarimetric characteristics of the component elements. As for
instance, the protection coating (silver) can present dichroic behavior. These intrinsic
characteristics of the samples can explain the presence of anisotropic scattering. Note that
the IPP values for the case of white paper and the diffuser reflector correspond to the mean
value and standard deviation of each one of the indices in their respective selected ROls.
In the case of the radial polarizer and the g-plate, we obtain the M by means of the
incoherent addition of the M in each one of the pixels. From this M we obtain only one
value for each IPP, therefore this value has no deviation associated.

These results are in concordance with the discussion provided in sections 4.1 and 4.2,
where we demonstrated that depolarization originated by unitary elements with polarizing
features (dichroism or birefringence; related to physical anisotropies), are reflected on P;
and P, channels, but P; was equal to 1 in all the cases (anisotropic depolarization). To
obtain response in the P; parameter, the samples must have a contribution of isotropic
depolarization, as proved with the second set of experimentally measured samples.
Therefore, we prove the validity of our interpretation of the IPP parameters to characterize
the polarization and depolarization response of the sample

4.4 Interpretation of the results in the Purity Space and
Characteristic decomposition

In section 2.3.1 we presented the Purty Space (see Figure 2-2), which is the 3D Space
generated by the constraint inequalities among the IPP. This space contains the IPP of all
the physically realizable depolarizers. Therefore, we find it interesting to represent the
experimental results of the previous section in the IPP volume.

In section 4.1 we show the anisotropic depolarizers, comprised by incoherent addition
of simple polarimetric elements such as diattenuators and retarders. We define anisotropic
depolarization as depolarization due to the processes related to the polarizing properties
of the constituent elements of samples. This polarization has a common characteristic in
all the presented simulations, the value of the P; parameter is independent of the
constituent elements and is always equal to 1. This situation represents a particular and
restricted position in the tetrahedron, the surface P; = 1 is the top of the volume (see pink
surface in Figure 4-12).

By changing the diattenuator and retarder characteristics we can achieve different
values of P; and P,, that is, different spatial positions in the top surface of the tetrahedron
(P3; = 1). We see that although we continuously increase the parameters responsible of
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depolarization in anisotropic systems, we will never be able to reach a fully depolarizer
(P, = P, = P3 = 0), neither any depolarizer out of the P; = 1 plane, so a limit is imposed,
where the depolarization performance (or the IPP decrease behavior) is saturated (as can
be seen in Figure 4-5 for the retardance case). The specific value of the limit depends on
the control parameters selected for the model, and numerically, we see that for retarder-
based simulations it is around 20°.

Purity Space

* 0

B

weight of
isotropic term

Radial polarizer
/ * Qplate
/‘ // Y Diffuser
P3 / s Y White paper
* yd ® Pure isotropic (Mpyre)

V1

Figure 4-12 Representation of the IPP space, where all the physical realizable depolarizers are
contained. The top (pink) surface represents the part of the tetrahedron where anisotropic
depolarizers are located; the blue point (0,0,0) represents pure isotropic depolarizers. The
stars correspond to the IPP values of the experimental samples measured. Orange, green,
black and red stars correspond to the radial polarizer, g-plate, diffuser and white paper,
respectively.

The points outside the top surface of the tetrahedron correspond to cases where the
samples present certain isotropic depolarization content, that affects the value of P5. Since
P; represents the height of the tetrahedron, the lower is the position of the Z axis of a
depolarizer represented by a point within the tetrahedron volume, the lower is its
corresponding P; value. Samples with P; = 1 contain only anisotropic depolarization,
whereas the samples presenting only isotropic depolarization are located at the lowest
point of the tetrahedron (see blue point in Figure 4-12). The rest of the volume contains
samples presenting both depolarization sources. In section 4.2, we present the relation
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between P; and the weight of the isotropic depolarization term (f): P; =1 — B. That s,
the P; value decreases as 8 increases (see Figure 4-12). In this sense, the position of the
points in the tetrahedron also have information of the different depolarizing sources
predominance. As the points approach the isotropic depolarization point (i.e., the bottom
of the volume), the more amount of isotropic depolarization they present.

The experimental results of section 4.3 are also plotted in Purity Space. The
experimental anisotropic depolarizing samples (g-plate and radian polarizer) are located in
the top surface of the volume (P; = 1) and the samples presenting some amount of
isotropic depolarization are located in positions at the lower part of the volume (P; # 1).
The orange and green stars in the top surface correspond to the radial polarizer
(0.163,0.876,1) and the g-plate (0.288,0.727,1), respectively. However, the samples
where some isotropic depolarization is present: the black star represents the diffuser
(0.05,0.11, 0.2) and the red star the white paper (0.05, 0.14, 0.29) are located in the lower
part of the tetrahedron (see Figure 4-12).

This paves the way to the application of 3D Depolarization Spaces for sample
classification according to the possible depolarization origins. For instance, in Ref. [160]
further analysis of the relation between the location at the IPP Space of anisotropic
depolarizers (in this case, in the top surface of the volume) and the polarimetric features
of inherent elements in depolarizers were made. In addition, there are several examples
using these volumes for the classification of structures within biological
samples [41,76,111,136]. For instance, in [140] different depolarizing spaces are inspected
for the classification of different tissues within chicken samples (muscle, tendon and
myotendinous junction). Also, C. Rodriguez in Ref. [41] used depolarizing spaces to
discriminate different structures conforming plant samples, including the efficient
classification of healthy and pathological tissue.
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Previous Chapter 4 presents a broad analysis of the relation between the IPP
polarimetric parameters and different sources producing depolarization in samples,
describing for the first time the isotropic and anisotropic depolarizing origins in samples.
We showed how the anisotropic depolarization is originated by statistical variations of
inherent polarimetric components constituting the samples, whereas isotropic
depolarization is caused due to random light-matter interactions processes, which lead to
a complete polarimetric information loss of any incident SoP on the sample. The study of
these different sources of depolarization shed light on the idea that, while anisotropic
depolarization retains relevant information about the polarimetric structures that
characterize the samples, isotropic depolarization conceals such information. Therefore,
implementing a mechanism that emphasizes anisotropic depolarization effects over
isotropic ones in samples could hold significant potential for the characterization of
depolarizing media. Recalling that, in this chapter we propose a method to filter the
isotropic part and focus on the anisotropic response of the samples. By removing the
isotropic depolarization content of Mueller matrices, we obtain a significant improvement
in the visualization of sample structures and an increase in the contrast among different
structures when inspecting polarimetric images. As will be shown in this section,
polarimetric images obtained from filtered Mueller matrices surpass not only standard
intensity images, but also current state-of-the-art of polarimetric imaging. It is worth noting
that most of the analysis presented in this chapter corresponds to work provided in one of
the articles included in this thesis [112]. In section 5.1 we present the implementation of
the isotropic depolarization filter in a Mueller matrix. In addition, the effect of this filter in
terms of some polarimetric observables of interest is provided in section 5.1.1 in the case
of non-depolarizing metrics and 5.1.2 for the depolarizing ones. Also, it is very interesting
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to study how the application of the filter affects the 3D Polarimetric Spaces (section 5.1.3).
To conclude, in section 5.2 we present examples of the filter application in real biological
samples both in terms of polarimetric imaging (section 5.1.2) and the Purity Space (section
5.2.2).

5.1 Isotropic Depolarization Filter

Real samples typically do not exhibit a purely isotropic or anisotropic depolarization
response. Instead, they usually present a combination of both, showing a complex
depolarization behavior that includes certain degrees of isotropic and anisotropic
contributions (as a representative example, see discussion related to Table 5-1 in section
5.1.4). As previously stated, the effect of isotropic depolarization is to blur or hide
information that can be obtained from the sample components and structure by means of
a polarimetric analysis. As we explained in Chapter 4, isotropic depolarization completely
depolarizes any incident SoP interacting with a sample. Therefore, when this kind of
depolarization is present, the spatial and physical information of the sample is lost to
certain extent (depending on the magnitude of the isotropic depolarization sample’s
response). To remove the isotropic influence from polarimetric analysis, in the following
we propose the Isotropic Depolarization Filter (IDF).

To implement this filter, we start with Eq. (4-16) defined in the previous chapter:

o o 5-1
M = PymyoMy + (1 — P3)(mgoMs), (5-1)

where M, and M; encode the information related to anisotropic and isotropic
depolarization, respectively. In this sense, the proposed filter consists of directly
eliminating the isotropic part from M, subtracting the term (1 — P3)(m001\773) from the
raw Mueller matrix:

M,=M-(1- Pa)(m00M3) (5-2)

where M, denotes the filtered Mueller matrix. Note that the application of this filter is
equivalent to impose the condition of P; = 1 to Eqg. (5-1), which corresponds to the
scenario where no isotropic depolarization is present. Considering the Characteristic
decomposition (Eq. (2-37)) we can identify M, as the first three terms of such
decomposition:

M, = Pl(mOOMJO) + (P, — P1)(m001‘711) -(1- Pz)(mooﬂz)- (5-3)
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Therefore, the application of the isotropic depolarization filter eliminates the element in
the decomposition representing isotropic depolarization (Ms).

As said, the filtered Mueller matrix M, only encodes the anisotropic information of a
sample. In this sense, the polarimetric observables that are traditionally computed directly
from the raw Mueller Matrix can also be applied to the filtered matrix M,. This allows us
to investigate whether the removal of isotropic depolarization components enhances the
contrast in the resulting observables. To do so, it is important to note that the filtered
matrix M, and the unfiltered Mueller Matrix M are identical except for the first
element, moo. This becomes evident when analyzing the relationship given in Eq. (5-2), if
taking into account that M5 = diag(1,0,0,0). Under this scenario, the relation between
the elements of the Mueller matrix before (m;;) and after (mg;;) applying the filter is given
by mg; j = m; j, except for the case i = j = 0, which follows the relation:

Mgoo = Moo — (1 — P3)mgyo = P3my,. (5-4)

Once we have obtained in Eq. (5-4) the explicit relation between the Mueller matrix
elements before and after applying the filter, the next step before obtaining the
polarimetric observables is to normalize M,. The normalization of the matrix consists of
dividing all elements of the matrix by the previously obtained factor P3mq:

1 Moq Mo2 Mo3
Psmgyg P3mgg P3Moo
Mo miq UGV UK
M. = P.m P3mgo| P3Mgo P3Mgo P3Moo (5-5)
a — 23700 Mao Mma1 Ma2 Ma3 :

P3mgol P3mge P3mop P3Mgo
Mm3o mszq msz2 msz3

Psmgg| P3mgog P3Mgo P3Moo

After normalization, all the elements in M, (except the first element that becomes equal
to 1) are affected by the factor P;my, this being considered as the filtering operation.
Importantly, each element is divided by P3;, showing a dependence in this parameter,
which, it should be recalled, determines the weight of the isotropic depolarization
component in the sample. The effect of this division on the different M elements is relevant
in samples presenting significant spatial variations of their polarimetric features. When
studying these kinds of samples, the associated polarimetric observables depend on the
spatial position, in some cases, including, the P; parameter, that as seen, directly impact
in the filtering process. Hereafter, to make explicitly this spatial dependence of the
polarimetric observables, we will write them as f(x,y), including the particular case of

P3(x,y).
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In the following, we present the effect of the Isotropic Depolarization Filter (IDF) on the
different non-depolarizing and depolarizing observables of interest. In particular, the
polarimetric observables correspondent to non-depolarizing channels that will be analyzed are
diattenuation (D) and polarizance (P). The depolarizing channels correspond to the IPP
(Py, P, and P3), depolarization index (P,) and Spherical Purity index (Ps). From now on, we
will denote the filtered observables as X'. The selection of these observables was based on
the most common channels used in literature when inspecting biological tissues and also, the
ones leading to the best results in terms of contrast enhancement.

The study of the filter effect in the birefringence properties is not as straightforward as
the cases above explained for dichroic or depolarizing metrics. For samples presenting both
retardance and depolarization contribution, the obtaining of retardance observables
cannot be directly calculated from the direct combination of the elements of M,. In fact,
to obtain the retardance parameters from M it is necessary to further process the data, as
for instance, by applying the Lu-Chipman [131], the Arrow [132] or the Symmetric
decomposition [161]. The obtention of an analytical expression for the relation between
the filtered retardance observable and P;(x,y) observable is not trivial in any of these
decomposition cases, leading to intricate nonlinear dependencies between these two
observables. However, as we can calculate retardance observable images from filtered
experimental Mueller matrices, by following a heuristic approach, we tested the effect of
the filter on resulting image contrast enhancement and structure unveiling in a wide
number of biological samples through filtered retardance based images. With this, we can
hypothesize that the contrast enhancement is notably lower than in observables related to
dichroic and depolarization properties when inspecting biological samples. For this reason,
the analysis of the effect of the filter on the retardance channel is not included in this thesis.

5.1.1 Non-depolarizing channels: Dichroic and Retardance properties

The main polarimetric observables related to dichroic properties of samples are the
diattenuation (D) and polarizance (P). In section 2.2, we explain in detail how to obtain
these parameters from the elements of M. In this case, P and D are obtained directly from
the Mueller matrix elements without any additional transformation. In particular, the
diattenuation vector corresponds to the first row of M and the polarizance vector to the
first column. In Eq. (5-5), diattenuation and polarizance vectors correspond to the blue and
green rectangles, respectively. The expressions for P and D (in modulus) after the
application of the filter are:

- VMg, +mg; +ms _ Jymi, +m3y +m, _ (5-6)

MooPs3 Moo P
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Thus, the relation between these observables before (see Eq. (2-6)) and after the filter is
clear:

_ D&y
P3(x,y)'

_ Py (5-7)

pey) )

P'(x,y)

The effect of the filter in the dichroic observables is the division of the original values by
P;(x,y). This implies that, the higher is the isotropic depolarization (lower P5 value) the
higher the increase in the variables can be after filtering. Of course, taking into account the
spatial dependence (x, y) in polarimetric images, this filtering effect helps not only in the
enhancement of contrast but also to reveal some structures hidden due to a high amount
of isotropic depolarization.

Finally, note that birefringence can be a channel of interest for the study of some
features of biological samples. However, for the above-mentioned we do not deepen in its
study.

5.1.2 Depolarizing channels

As we mentioned in the introduction, the indices of polarimetric purity (IPP) are
depolarizing parameters well known for their excellent performance when inspecting
biological tissues. In addition, in Chapter 4, we provided a study of the relation between
each one of these indices and fundamental physical characteristics of biological tissues
leading to depolarization. In this context, it is very useful to inspect how the filter also
affects the IPP parameters, which is the main goal of this subsection. In addition, we also
study the effect on two additional depolarization metrics that are also widely used in the
inspection of biological samples: the depolarization index (P,) and the degree of spherical

purity (Ps).

To calculate the IDF effect in the IPP we recall the theoretical framework explained in
Chapter 2. To obtain the IPP we need to work with the eigenvalues of the transformed
matrix H(M), therefore we need to obtain the filtered covariance matrix, H(M,). The
elements of the covariance matrix are calculated by the linear combinations of different
elements of M, and importantly, the m,, element is only present in the diagonal of H (see
Eq. (2-21)). These will be the only elements affected by the filter, and we can obtain H(M,)
as:

H(My) = H(M) — (1 — P3)(mg,l), (5-8)
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where I corresponds to the identity matrix (diag(1,1,1,1)). Then, we need to calculate the
eigenvalues of H(M,), 1';, for the obtention of the filtered IPP. The diagonalization calculus
for the filtered covariance matrix can also be related to the matrix before filtering:

HM,)—AT1=0->HM)— (1—P;)(myol) — A1, (5-9)
HM) — (A" + (1 = P3)mg)l = 0;

A = A, - (1 - P3)m00, (5_10)

where 1 and A’ correspond to the eigenvalues of H(M) and H(M,), respectively. With the
relation between the eigenvalues before and after the filter we can calculate the effect of
the filter in the IPP. The Indices of Polarimetric Purity are defined in terms of the
eigenvalues as (see section 2.2.4.1):

n
1 (5-11)
P = — = .
n tTH Z kAAk Y n 112'3'
k=1
where A, = Ax_1 — A and trH = my,. Therefore, with these relations and the equation
(5-12), the filtered IPP can be obtained as:

, 1 < 1 < 1
Py = et kZl KAy, = W}; kA = 5ok,
)

_hE&xy)
P3(x,y)’

(5-12)

P (x,y)

where Aﬂ'ak = (Ak—l — P3) — (Ak — P3) = Ak—l — A’k = Aﬂ.k

Therefore, we can conclude that the effect of the filter in the IPP is the same as for the
dichroic variables (Eq. (5-7)); the value of the filtered indices increases by an amount given

by 1/P3:

Pll(x'y) _ Pl(x'Y)

B P3(x,y)'

_ Pz(x»Y)

P;(x, -
P ) = s ROy 1)

" Ps(xy)

P'3(x,y)

Secondly, the spherical purity index can be obtained directly from the elements of M as
shown in Eq. (2-9). Therefore, in this case, by taking into account the relation between the
Frobenius norm of m before and after filter, ||m’||, = ||ml|,/P; the effect of the filter in
Ps is straightforward:
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;i imll; , Ps(x,y) -
5= = - Pls(x,y) = 57— (5-14)
V3 P33 P3(x,y)

In the case of the depolarization index, P4, this can also be obtained from the M elements.
However, since it is the index encoding the overall depolarization of the sample, it can also
be calculated by means of the IPP and the CP observables. For instance, we can use the
equation in terms of IPP (Eq. (2-38)):

, 2Pt 2P% P51 [2PF 2P: P2 , Pa(x,y) (5-15)
Pa= |5t sty =g |5y vy 2 Paen) =58
3 9 9 P33 9 9 P3(x,y)

Considering the results obtained in subsection 5.1.1, as well as for the depolarizing
observables studied in this section (IPP, Ps and P,), we can conclude that the effect of the
IDF on depolarizing or dichroic channels is the same, responding to the general relation

_fxy) (5-16)

f'xy) = W

5.1.3 Dichroic and depolarizing Arrow parameters

In this subsection we want to make a special remark on the non-retardance parameters
that we can extract from the Arrow decomposition. Note that these parameters (a4, a,, as)
are not encoding only depolarization or dichroic information, but a mixture of both
contributions.

Then, the non-retardance parameters that we can extract from the Arrow
decomposition of M are also studied. For the same reasons previously exposed in this
chapter, in this case we are not interested in observables encoded in the entrance and
exiting retarders) and we focus on the M, (M) term, encoding dichroism and depolarization
parameters. From Eq. (2-14) we have:

o 1 D} . 5-17
M'y(M") = mgyg (PA m’:): my = diag(a,,ay, asz) . ( )

In this case, the diattenuation and polarizance vectors correspond to the first row and
column of My, respectively. The effect of the filter in each of the elements of the filtered
normalized M, is the same as the shown in Eq. (5-5):
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( ' DAT \
Ve Pym ) 1 5-18
M'y(M") = P3my, p 37700 | my= diag(aq,az, as). ( )
A m' Pymygg
Pymy, 4

Then, the effect on the dichroic observables obtained from the Arrow decomposition is
equivalent to that we calculated on the complete M (see Eq. (5-7)), and filtered and non-
filtered observables can be related as:

:DA(x'Y)
P3(X,y) '

_Pax,y) (5-19)

AEN =y

’A(x: }’)

Next, we study the arrow parameters (a4, a,, az), encoding depolarization and dichroic
information. From Eq. (5-18) the effect of the filter in the arrow parameters is
straightforward:

_a(xy) ,

_ oy = 209)
Py(x,y)’ 2

B Py(x,y)’

_a(xy) (5-20)

all(xr J/) = P3(x, y)

a,3 (X, }’)

Summarizing, in all the studied polarimetric parameters the effect of the polarimetric filter
is given by the factor P;(x,y) 1. Therefore, the application of the filter is of special interest
when analyzing spatial variations across the regions of interest. The effect in contrast
enhancement is particularly relevant for small values of P;, which is very common in
macroscopic images of biological samples [84,139,141,155].

In the following we will also study the effect of the IDF in the 3D Polarimetric Spaces
described in section 2.3, taking special attention to the space conformed by the IPP.

5.1.4 Polarimetric Spaces after IDF

In sections 5.1.1 and 5.1.2 we showed the effect of the filter on different polarimetric
observables. We also showed that when dealing with samples presenting significant
depolarization behavior, the IDF has the potential to increase the contrast and
discriminatory capability of different sections in polarimetric images. To reinforce this
statement from a visual perspective, it is interesting to study the effect of the filter on the
3D polarimetric spaces described in section 2.3.
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As explained before, the application of the IDF to the IPP values related to a given
sample leads to the filtered IPP’, which are calculated according to Eqg. (5-21). As seen in
such equation, the filtered P{, P, and Pj observables are equal to the original IPP
observables but multiplied by the factor P;;l, and therefore, the P'; observable is always
equal to one. The fact that independently of the spatial heterogeneity of the P;(x,y)
image associated to a sample, its corresponding filtered observable is always transformed
to 1 (i.e., P3(x,y) = 1) has a strong effect in the transformed data distribution: given a
cloud of data represented in the Purity Space, corresponding to an imaged sample, when
this collection of data is transformed to the filtered IPP’ framework, the new collection of
data will be always restricted to the top surface of the Purity Space, which corresponds to
the anisotropic depolarization surface since isotropic depolarization content has been
removed.

Purity Space

Anisotropic
depolarization surface

1
P5
high isotropic | i\ P «
 depolarization o
/_
P

(0,0,0)

Figure 5-1 Representation of the IPP space. The red surface corresponds to the plane P; =1,
corresponding to the anisotropic depolarization space (no isotropic depolarization). The volume
marked in green corresponds to the part of the space where samples with high amount of
isotropic depolarization are located (P; «).

Under this scenario, the effect of the filter in the IPP data makes a dimension reduction
in the Purity Space; from a 3D volume (the entire IPP tetrahedron volume) before applying
the filter to a 2D plane (anisotropic depolarization surface) after the filter application.
Although this may seem counterproductive in terms of contrasting two structures with
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different depolarizing responses —since the filter confines two data clouds distributed
within a volume to a plane— it is often highly beneficial for discrimination purposes, as the
anisotropic plane is the largest plane parallel to the z = 0 plane, within the entire volume.
In particular, when dealing with highly depolarizing samples, as is the case of numerous
biological tissues, the whole image content is confined close to the point in the Purity Space
(corresponding to an ideal depolarizer, see Figure 5-1). Therefore, all the information
associated with different structures within the sample—despite exhibiting distinct
depolarizing responses (i.e., different values for (P; and P, metrics)—occupies a very small
volume, which implies that these structures are located very close to each other or even
overlap. In contrast, when this type of sample is processed using the filter, the data
distribution is represented in the plane defined by P; = 1. In this representation, the
differences associated with distinct expressions of P; and P, are maximized, allowing for a
much clearer differentiation between the various structures.

To highlight this situation, in the following table we present some examples of the IPP
values corresponding to different biological structures measured throughout this thesis:

Wavelength

Sample (nm) Py P, P3
Skin (pork) 625 0.0658 0.0976 0.1313
Brain wm (cow) 470 0.0268 0.0413 0.1249
Brain gm (cow) 470 0.1552 0.1943 0.4201
625 0.0718 0.2019 0.2491
Epiglotis (cattle) 530 0.1307 0.2037 0.3257
470 0.1541 0.2109 0.3468
Tong (cattle) 625 0.0886 0.1836 0.2451
muscle exterior 530 0.1887 0.3463 0.4550
470 0.1584 0.2858 0.4202
Tong (cattle) 625 0.0437 0.1292 0.1971
muscle interior 530 0.0760 0.1290 0.2222
470 0.0623 0.1134 0.2434
Heart (cattle) myocardium 625 0.1150 0.1790 0.3200

Table 5-1 IPP results for some biological samples before applying the IDF.

Results presented in Table 5-1 highlight the strong depolarization response of different
biological samples. The table includes the mean values of each one of the indices of
polarimetric purity in a set of biological tissues. In the last column of the table, we can
inspect the values of P;. These values range from 0.1 to 0.45, the most common ones
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being around 0.1 — 0.2. To illustrate how the corresponding data is represented in the
Purity Space, in Figure 5-1 we highlight a green volume corresponding to values of the IPP
lower than 0.4. Therefore, we can anticipate that in such cases, the application of the IDF
can be beneficial in terms of discriminatory capability, as data distribution confined in a
small volume will be spread through the P; = 1 plane. This effect is exemplified in Figure
5-1, where the blue and pink points located in the green volume represent two different
structures within a hypothetical sample before applying the IDF. These points represent
high depolarizing samples. When filtering the IPP values corresponding to these two points
in the Purity Space, the new transformed data is relocated at the anisotropic P; = 1 plane
(red surface) and its corresponding separation is significantly increased. This situation is
highlighted by the white arrow indicating the separation between the blue and pink points
after the filtration process.

The effect of the filter on the Components of Purity Space (Figure 2-3) is not as direct
and intuitive as in the Purity Space. In this case, the variables conforming the volume
(P, D,Ps) after the filter application are once again transformed by the factor P; ! (see Egs.
(5-7) and (5-14)), but in this case, the data transformed is not confined in a plane but in a
limited volume. We can estimate the possible usefulness of the filter in this space recalling
the relation which provides surfaces with constant P, [143]. In this vein, in section 2.3.2
we showed that the higher the value of P, , the larger the available surface where different
depolarizers with a given fixed P, can be represented in the CP Space. Therefore, recalling
the relation between P, and the IPP (Eq. (2-38)), the effect of the filter is to increase the
value of P',, maximizing the surface of representation. In section 5.2.2 we show some
examples of how this can be highly useful for real biological samples examination.

5.2 Applications of IDF to biological samples

In the following, we present some representative examples of how the application of
the isotropic depolarization filter is useful for the enhanced visualization of biological
tissues. We present a set of three samples from ex-vivo animal tissue obtained from a local
slaughterhouse. In particular, two different sections from ex-vivo cattle heart (Figure 5-2
(a)-(b) and (e)-(f)) and a section from ex-vivo cattle tong (Figure 5-2 (c)-(d); the physiological
characteristics of the samples are described in detail in section 3.2). Figure 5-2 presents
the non-polarimetric intensity ((a), (c) and (e)) images and the P; ((b), (d) and (f)) images of
the samples. The Mueller matrices for the three samples were obtained with the
Polarimeter shown in section 3.1 and for an illumination wavelength of 625 nm.
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Figure 5-2 Intensity (a), (c) and (e) and P; (b), (d) and (f) images of three different biological
samples. (a)-(b), (c)-(d) and (e)-(f) correspond to transversal section of myocardium, transversal
section of tongue and adventitia on epicardium with coronary artery paths, respectively.

Figure 5-2 shows how polarimetric images ( P; channel) reveal some biological
structures which are invisible in the non-polarimetric intensity images. For instance, in
Figure 5-2 (b) and (d), white stars indicate regions which were not visible in the
correspondent intensity images (a) and (c), respectively. In Figure 5-2 (f) the white arrows
indicate the same structures enhancement. Interestingly, all these marked regions, which
were not detected by standard image methods, correspond to structures in the samples
with different compositions and/or orientations. Thus, structural spatial variations in
samples, and different compositions, alignments or other features related to the
microscopic structure of the regions, lead to different depolarizing responses, thus helping
to enhance the visualization of these different structures through polarimetric means. In
addition, the contrast between some structures conforming the sample increases when
using polarimetric methods.

Although the use of depolarizing channels such as P; already demonstrates improved
visualization of structures compared to standard intensity images, the spatial variation
shown in the P; images and the high depolarization response observed in the three
samples under analysis make them excellent candidates for testing with the proposed
filter. In the next section, we show the effect of the filter by comparing polarimetric
observables before and after the filter application. With these results it is clear the
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excellent performance of the filter, which leads to a significant contrast enhancement and
structure unveiling.

5.2.1 Filtered vs non-filtered images: application of the IDF to biological
samples imaging

(a) Py

0.8

0.4

Figure 5-3 Comparison of the polarimetric images before (first row) and after (second row) the
application of the IDF in the transversal heart sample. (a)-(b), (c)-(d) and (e)-(f) correspond to the
Py, Py and a; before and after filtering, respectively.
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In this section, we present the results of applying the IDF to the three samples shown in
Figure 5-2. For each one of them we select the three polarimetric observables leading to
the best results when comparing the observables before and after the filter.

Figure 5-3 corresponds to the transversal section of the heart sample; Figure 5-4 shows
the results of a transversal cut of tongue and Figure 5-5 an external view of the heart
representing the pericardium where coronary arteries are located. In the three cases, the
polarimetric images leading to the best results comparing the situation before-after
filtering, correspond to metrics directly related to depolarization: P;, Py and a4 for the
transversal heart sample; a4, P; and a3 for the tongue sample and a4, P, and P; for the
pericardium heart sample.

Figure 5-3 shows the images correspondent to the transversal section of the heart
sample. In the intensity image (see Figure 5-2 (a)) the sample appears as homogeneous
tissue. Then, spatial differences in the image are observed when inspecting the polarimetric
P5; image, correspondent to the existence of different structures and fiber organization
across the sample. This dependence is also observed in Figure 5-3 for the three depolarizing
channels inspected (first column). In this case Figure 5-3 (a)-(b) and (c)-(d) correspond to
the depolarization parameters P; and P, and (e)-(f) with the arrow parameter a4, in each
case, before and after filter respectively. Note that the results of the filter observables
largely overcome the results obtained with conventional polarimetric images. The most
interesting image to analyze is P'; (Figure 5-3 (b)), where we can identify four different
structures with larger contrast than in any other channel: subendocardium (se),
endocardium (e), myocardium (my) and epicardium (ep). Interestingly, these regions
correspond to different types of tissue: the myocardial tissue is composed of concentrically
arranged fascicles of myocardial muscle whereas subendocardial tissue, composed of loose
connective tissue and Purkinje fibers; the endocardium corresponds to a transition
structure between se and my and the epicardium which corresponds to the outer wall of
the heart and is composed by mesothelial cells, fat and connective tissue is also unveiled
by the filter application. Therefore, the anisotropic depolarization characteristics of the
tissue, highlighted after the filter application, gives a clear distinction between all the
different layers comprising the sample.

In addition, in Figure 5-3 (b) and (f) we can appreciate a structure which corresponds to
the endocardium (marked with white asterisks in both images). Finally, the epicardium is
also unveiled by the filter application (see white dashed lines in the filtered observables (b)
and (d)) and the boundaries between my and ep become clearer. That is, the application of
the filter not only increases the visualization of structures that were barely visible in the



Applications of IDF to biological samples 113

standard polarimetric images (in particular, the contrast is enhanced by an amount P3_1)
but also unveils new structures that were not previously observed.

A second example is studied in Figure 5-4, where we show the comparison between
three polarimetric observables before (first column) and after (second column) the
application of the IDF in the tongue sample. In this case, the observables that lead to the
best results when applying the filter correspond to two of the arrow parameters (a; and
a,) and the P; index.

0.6

0.4

0.6

Figure 5-4 Comparison of the polarimetric images before (first row) and after (second row) the
application of the IDF in a transversal section of the tongue. (a)-(b), (c)-(d) and (e)-(f) correspond
to the a4, P; and a3 before and after filtering, respectively.
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In the conventional intensity image (see Figure 5-2 (c)), we identify two differentiated
regions in the tongue (which correspond to muscles with different directionalities). When
inspecting the non-filtered isotropic depolarization response, P; image (Figure 5-2 (d)), this
reveals a third new region (see white star in Figure 5-2 (d)) not detected with the standard
intensity image. The region marked with the white star can be also seen in the
depolarization observables of Figure 5-4 (a), (c) and (d) before filtering. In turn, when
analyzing the filtered images (Figure 5-4 (b), (d) and (f)) we observe a larger contrast
between different structures present in the sample, and importantly, the boundaries
between them are better defined. In particular, the region marked as sm corresponds to
styloglossus muscle, which is a longitudinal muscle, being perpendicular to the cut,
whereas hm is the hyoglossus muscle, following a direction perpendicular to the cut. The
depolarization response of these muscles depends on the directionality of the fibers
comprising them. Moreover, the structure denoted as myo corresponds to myotendinous
tissue. Although this structure has a different physiological composition than the muscle
tissue, the standard intensity image was incapable to discriminate between these two
tissue classes. Additionally, it is clear that in the filtered a’; image, the contrast between
the sm, myo and hm regions is larger compared to the images before the filter application.
Note that, also in Figure 5-4 (f), these three regions are clearly differentiated by the a’;
depolarized observable. Interestingly, these three regions correspond to different physical
properties of the tissue. The filtered polarimetric images, especially in the a’; parameter
in Figure 5-4 (f), show excellent results in terms of differentiating the myotendinous tissue
from the muscles in the different directions (sm and hm) due to its high depolarization
capability. In addition, the filter application also helps to delimit the external wall of the
tongue, which corresponds to the epithelium (see blue dashed lines in Figure 5-4 (b), (d)
and (f)).

The last sample we present corresponds to an external view of the heart, the
perdicardium of the heart with coronal arteries. In this case, the response of the sample in
the intensity image (Figure 5-2 (e)) shows a tissue that seems completely homogeneous.
Conversely, the P; image reveals a distinct isotropic depolarization response across
different regions of the sample. Then, when applying the filter, resulting polarimetric
images (in this case a4, P, and Ps) unveil very interesting structures within the sample. For
instance, in Figure 5-5 (e) the filtered polarimetric image P’, can clearly detect the path of
two of the coronary arteries and their adventitia (connective tissue, recovering the arteries
walls, see white dashed lines in the figure). In addition, we can also observe differentiated
structures in the region of the sample marked with a white star. This region states the
presence of myocardial tissue having a different polarimetric response than the rest of the
tissue. Also, the response of the walls from the coronal artery 2 has a higher depolarization
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response than those from 1. This also means that we are able to infer information from the
arteries directionality, the artery (1) is entering inside the tissue (towards the myocardium)
whereas the other one is more superficial.

@ o ®  a

1 mm

Figure 5-5 Comparison of the polarimetric images before (first row) and after (second row) the
application of the IDF in the adventitia and coronal arteries sample. (a)-(b), (c)-(d) and (e)-(f)
correspond to the aq, P, and Ps before and after filtering, respectively.
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The last sample we present corresponds to an external view of the heart, the
perdicardium of the heart with coronal arteries. In this case, the response of the sample in
the intensity image (Figure 5-2 (e)) shows a tissue that seems completely homogeneous.
Then, in the P; image we observe a depolarization response that is slightly different in
different regions of the sample. Then, when filtered, the polarimetric images (in this case
a4, P, and Pg) unveil very interesting structures within the sample. For instance, in Figure
5-5 (e) the filtered polarimetric image P’, can clearly detect the path of two of the
coronary arteries and their adventitia (connective tissue, recovering the arteries walls, see
white dashed lines in the figure). In addition, we can observe a different depolarizing
response in the region of the sample marked with a white star. This region represents the
presence of myocardial tissue having a different polarimetric response than the rest of the
tissue. Also, the response of the walls from the coronal artery 2 has a higher depolarization
response than those from 1. This also means that we are able to infer information from the
arteries directionality, the artery (1) is entering inside the tissue (towards the myocardium)
whereas the other one is more superficial.

Summarizing, in this section we demonstrated how by removing the isotropic
depolarization component of samples, by means of the application of the IDF, richer sample
information, related to physiological information of tissues, is retrieved, this being
especially relevant for highly depolarizing samples showing low P; values, from which
numerous biological tissues are particular cases. This visualization enhancement and
structure revealing associated with the filter have been exemplified in diverse real
biological tissues of ex-vivo animal origin. In this vein, the enhanced imaging results above-
presented, especially those related to heart structures visualization, have great potential
for the application of this technique in the medical field. In the case of the transversal
section (Figure 5-3), we are able to study myocardial tissue in a more accurate way. For
instance, the inspection and detection of myocardial tissue modification by means of this
non-invasive technique could be applied in operating rooms. This can help with the early
detection of cardiac diseases such as infarction [73]. In the case of the subendocadrial
external section of the heart (see Figure 5-5), the detection of coronary arteries and the
adventitia walls can be crucial also for the prevention of heart diseases. The coronary
arteries control the blood and oxygen supply to the heart muscle. Therefore, the detection
of deformation or narrowness of the artery walls can also help to prevent serious heart
problems.
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5.2.2 IDF in Polarimetric Spaces

In the previous subsection, we showed the excellent results obtained when applying the
IDF to biological samples. In this section, we want to take advantage of this performance
for the classification of different structures within a sample by means of the 3D Polarimetric
Spaces. In section 5.1.3, we showed the effect of the IDF both on the IPP and CP spaces. In
this case, since for the selected samples the best results were obtained for the
depolarization metrics, we center our study in the Purity Space. This representation gives
a useful visual interpretation of the effect of IDF in terms of data discrimination.

To do so, we chose two of the biological samples analyzed in the previous section: the
transversal section of the myocardium and the transversal section from the tongue. We
select two regions (for the heart) and three regions (for the tongue) which present different
polarimetric responses, and thus, which must represent physiologically different
structures.
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Figure 5-6 Purity Space (a), intensity (b) and filtered P’; (c) images correspondent to the
transversal section of ex-vivo cattle heart, respectively. The selected regions of the samples,
represented in the Purity Figure by blue and orange points, correspond to the blue and orange
squares in (c).
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In Figure 5-6 we present the results for the transversal region of the heart sample. The
structures that were more contrasted after the filtering correspond to myocardial (my) and
subendocardial (se) tissue. Therefore, these are the zones of the sample selected to
represent in the Purity Space. In particular, the blue and orange squares in Figure 5-6 (c)
corresponds to the regions of interest chosen to represent the se and my structures,
respectively.

In Figure 5-6 (a) we can see the effect of the filter on the Purity Space. Inside the volume,
the blue and orange point clouds represent the values of the IPP in the respective regions
of the sample before and after the filter applications (see the labels in the figure). As
previously explained, the data clouds located at the top surface (P; = 1) of the volume
correspond to the values of the IPP after the application of the IDF. The values of the IPP in
the regions before the filter application are located in the lower part of the tetrahedron,
that is, representing the high depolarization capability of both regions of the sample, se
and my, before the filtering process. Therefore in Figure 5-6 (a), although the
dimensionality of the space is reduced, the potential of the filter becomes clear. The
distances between the se and my heart structures (blue and orange datasets) are enlarged
after the filter application, resulting in an increase in the discrimination capability between
these tissue regions. In addition, the data clouds after the filter are more spread, allowing
us to obtain richer and more subtle information of the structures (i.e., we capture more
subtle differences between pixels within the same tissue class). This is the visual outcome
that provides clearer insight into the contrast enhancement achieved by the filter described
in the previous section.

As a complementary example, Figure 5-7 presents the analysis of the tongue sample
within the Purity Space. In this case, we chose the three structures of the tongue explained
in the previous section: the styloglossus and hyoglossus muscles and the myotendinous
tissue. In Figure 5-7 (c) the green, blue and orange squares correspond to the regions
selected to represent the styloglossus muscle, myotendinous tissue and hyoglossus muscle,
respectively.

In this case, we observe some differences in the behavior of the data clouds if compared
with the case of the heart. Note how sample data before applying the filter (see label in
Figure 5-6 (a)) is almost completely mixed. Therefore, even though the volume occupied
by the points in the space is larger than in the case of the heart, it is not useful to
differentiate between the tissues before applying the filter.

In turn, once the data is filtered (see the top part of the figure) the region of the
myotendinous tissue (blue points) is completely differentiated from the two muscle regions
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(green and orange points). In the case of the muscles (green styloglossus and orange
hyoglossus), the corresponding data clouds are now completely separated. Nevertheless,
note how in the P; = 1 surface of the volume, we can see some overlapping between the
point clouds. This can be explained due to the very similar composition of both muscles,
the main difference among them is their directionality (perpendicular to each other). In the
P’ image we can observe this effect, the two regions have a slightly different response but
not as differentiated as the myotendinous tissue.
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Figure 5-7 Purity Space (a), intensity (b) and filtered P’; (c) images correspondent to the
transversal cur of the tongue, respectively. The selected regions of the samples, represented in
the Purity Figure by blue and orange points, correspond to the blue and orange squares in (c).

Summarizing, we have presented the performance of the IDF for the polarimetric analysis
of soft biological samples. We show excellent performance of the filter for biological
samples imaging when such samples present high depolarization capabilities (low values of
Ps). For the cases presented in this section as representative examples, we have obtained
outstanding results, overtaking the response of conventional polarimetric methods. These
results correspond not only to contrast increase and structure unveiling in the polarimetric
images, but also the use of the filtered 3D Polarimetric Spaces as suitable tool for structure
identification and classification purposes.
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The results presented in this section highlight the interest of the filtering method for
the study and characterization of biological samples, paving the way for new protocols in
biomedical and clinical applications. In this section we examined the heart and tongue
samples to show the good performance of the filter. In the next section we will focus on
the study of different brain structures through the application of the IDF, a subject of study
in which we have observed that polarimetric methods are particularly useful and hold
significant potential for health-related applications.



Chapter 6 Polarimetric tools applied to brain

analysis

In the previous chapters of this thesis, we studied the relation between depolarization
capabilities of a sample and the physical mechanisms behind them, defining two different
depolarization processes: isotropic and anisotropic. We also take advantage of this
knowledge to define an isotropic depolarization filter (IDF) that removes isotropic
depolarizing content, this enhancing the anisotropic part of depolarization, which is directly
related to the intrinsic properties of the sample. Importantly, we also proved the
outstanding performance of the IDF in biological samples imaging through different
representative examples.

In this section we apply the previously described methods for a particular case of study:
the characterization of brain samples. The study of the brain is of great interest in the
medical field, currently there is not a gold-standard technique to characterize certain
structural features and/or pathological structures associated with brain samples. For
instance, brain connectivity (white matter tracts directionality) and its functional
expression is probably the present frontier in applied neuroscience, as there is no gold
standard technique for pathway mapping apart from peri-mortem tract-tracing injections
that are not ethically suitable for the study of human connectivity [162]. Techniques such
as histology or ultrastructure-based methods can distinguish fiber orientation but are not
useful for long range tracts [163].

As explained in the introduction, in recent years, the study of the brain by means of
polarimetric techniques has yielded very interesting results. For instance, in [110,113] they
use birefringence properties of brain to study white matter directionality and in [117] itis
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introduced a method to implement polarimetric inspection of the brain in intraoperative
neurosurgical workflows.

With this in mind, we wanted to check the suitability of the new metrics and techniques
presented through this thesis in brain tissue. In particular, the polarimetric parameters
obtained with the Arrow decomposition along with the IPP (see section 2.2) and the use of
the Isotropic Depolarization Filter (section 5.1), among other polarimetric channels. We
focus on these two studies because from a collection of different analysis they were the
methods leading to the best results in terms of brain analysis. Therefore, in the following
we present the study performed in brain samples from both fresh (non-fixed) ex-vivo
animal (section 6.1) and formalin fixed human samples (section 6.2). In both cases, almost
all studied metrics can notably distinguish between fiber-rich (wm) regions and cell-rich
(gm) regions. In general, we have realized that these two structures have very different
polarimetric responses. In addition, more interesting structures only detected by
histological or other time-consuming, invasive and expensive medical procedures are
detected in the filtered polarimetric channels. For instance, for the fresh animal samples,
we obtain an outstanding fiber tract identification whereas for the formalin fixed human
brain samples the most interesting and relevant results are obtained for the identification
of the layers comprising the gray matter.

The detection or clear identification between the borders of grey matter and white
matter or the layers comprising the gm can be very beneficial for surgery purposes. Patients
with brain tumors must undergo surgery [164,165]. When doing these procedures, a clear
identification of the borders of the tumors is essential to preserve all the neurological
functions of the patient. In addition, the study of the wm fibers organization can be useful
to border a tumor. The lack of organization of white matter fibers within a brain tumorous
tissue can also help in the delineation and identification of these regions in the brain during
surgery [116].

6.1 Animal Samples: Preliminary studies

In this section, we present the results obtained when polarimetrically analyzing brain
tissues from ex-vivo animal. Polarimetric observables can provide significant distinction
between cortical gray matter and subcortical white matter, as well as a clearcut boundary
between fascicles within the corpus callosum, specific thalamocortical radiations and the
supracallosal cingulum. In addition, it detects white matter tracts such as specific
thalamocortical radiations or the U-shaped short association fibers underlying the cortex,
which are probably the most elusive white matter tracts [166,167]. Some of the results
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obtained with polarimetric analysis are clearly superior to any histological staining method
and do not require time-consuming and destructive methods of tissue inclusion and
sectioning. It is interesting to note that the two main regions of the brain (white matter
and gray matter) are usually detected by the naked eye and one may think that the visual
detection must be an easy and well stablished procedure, however, that does not always
happen. In some cases, depending on the region of the brain under study the boundaries
between regions can be blurred. In addition, the application of the fixation techniques
changes the color of the samples. Thus, for fixed samples the differentiation is not always
straightforward. That is why in some of the images we also denote these regions as wm
and gm.

This section gathers the results of brain analysis from the articles of this
thesis [110,112]. The samples studied in these articles correspond to (1) the coronal section
taken at a crossroad between the posterior parietal lobe and the occipital lobe,
approximately 2 cm from the rostral to the occipital lobe, (2) a coronal section across the
occipital lobe, and (3) a coronal section across the frontal lobe.
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Figure 6-1 Sections of ex-vivo cow brain samples. (1) (a)-(c) coronal section taken in crossroad
between the posterior parietal and occipital lobes; (2) (d)-(f) coronal section of the occipital
lobe, both samples measured at 470 nm. (a) and (d) show the standard intensity images, (b) and
(c) non-filtered polarimetric observables and (c) and (f) the correspondent filtered polarimetric
observables.
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In Figure 6-1, we provide the results for brain samples (1) (first image row) and (2)
(second image row), obtained from an ex-vivo cow brain (see section 0 for a detailed
physiological description). As in the preceding sections, in addition to the non-polarimetric
intensity image, used as a reference, to prove the effect of the IDF on the polarimetric
observables, we show the polarimetric observable leading to the best results (in this case,
the P; and P, channels) both before and after the filter application. However, to avoid
repetition through the analysis, in the remainder of this chapter we will present only the
images corresponding to the polarimetric metrics that yield the highest contrast, regardless
of whether they have been filtered or not.

In both cases, the intensity images inspected (Figure 6-1 (a) and (d)) show clear
differences between wm and gm tissues. Then, polarimetric images provide clearer
discrimination in some regions. For instance, in Figure 6-1 (b) the white arrow indicates a
region of white matter that in the intensity image (Figure 6-1 (a)) could be misclassified as
gm. In addition, the filtered depolarization channels (Figure 6-1 (c) and (d)) also provide a
better delimitation of wm and gm than the standard intensity image and the non-filtered
channels.

Importantly, note how structures that were veiled in the standard intensity and non-
filtered images can be observed in the filtered images. In Figure 6-1 (d), we can identify
fiber tracts of the subcortical wm classified according to their directionality. This allows
tracing the borders between different types of radiation. The longitudinal (at this level)
parietal radiations of the corona radiata (pcr in the figure), optical radiations (transversal,
or in the figure; framed with the white dashed lines in the figure) and specific fascicles
probably corresponding to the dorsal visual processing pathway (for example, white
dashed ellipse in the upper part of the figure). For sample 2 (second row in Figure 6-1), the
white arrow in the P’; figure indicates the presence of short-range U-shaped fibers within
wm. It is very important to note that these short-range fibers are the most elusive fiber
tracts. To conclude, some rich information about the gm is provided by P’'; and P’,
channels. In both figures ((c) and (f)), the layer VI can be delimitated because of its
particular depolarization response. In both figures, this layer can be identified due to the
higher depolarization response compared to the wm and the rest of the gm.

The next sample to study is the coronal section shown in Figure 6-2. In this case, addition
to P’y and P’, images, we also obtained impressive imaging results for the filtered
diattenuation parameter (D’). This result agrees with recent studies [62], showing the
interest of diattenuation measurements to reveal information related to white matter fiber
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tracts directionality among other brain structure properties. Therefore, this filtered
channel can also be of interest for polarimetric white matter inspection.
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Figure 6-2 (3) Section taken from the coronal section of ex-vivo cattle brain measured at 470
nm of illumination wavelength. (a) is the standard intensity images and (b)-(d) the filtered
polarimetric channels revealing the best results: D', P’y and P’;.

The filtered diattenuation channel (D') provides a visualization of brain structures
significantly improved when compared with the intensity image. The polarimetric
inspection of this sample leads to an outstanding identification of wm tracts both
subcortical and within the corpus callosum. Interestingly, tracts following different planes
give a different response in D’. Tracts following the same plane of the section (i.e., coronal,
or vertical) correspond to the medio-dorsal callosal fibers (mdc; long-range
interhemispheric U-shaped fibers) and the short range U-shaped fibers (noted as sr-u) and
tracts, either rostro-caudal (superior longitudinal fasciculus (s/f) and cingulum (c)) or
medio-lateral: ventro-lateral (left-right) callosal fibers (vic) and ventro-striatal callosal
fibers (vsc) [168].
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The filtered depolarization images (Figure 6-2 (c) and (d)) also show outstanding results
in the identification of fiber tracts in white matter. In P'; channel the tracts slf, c and mcd
can be identified. In addition to that, the layer VI of wm shows a different depolarization
response than the rest of the tissue, making it easy to delineate this region in the upper
part of the figure. In the case of P',, the same tracts than in the filtered diattenuation
image are detected, and also the layer VI can be identified.

Above-stated results demonstrate how the application of the filter in brain samples
provide excellent results for structure detection and visualization, both in white and gray
matter regions. Filtered images provide information about the directionality of the fibers
in the wm: such as fibers connecting both regions of the brain (mdc), fibers with different
directionalities (coronal, rostro-caudal or medio-lateral); excellent discrimination between
gm and wm and even the detection of some features in the gm region as the detection of
layer VI.

In the medical field, the study of white matter presents a high complexity. Traditional
anatomical methods for white matter tractography are rather destructive, as they require
cycles of freezing and thawing [169] and the dissection procedure is relatively rough. In
addition, histological and immunohistochemical methods (e.g. silver-based stains, Kliver-
Barrera, MCOLL or FluoroMyelin™) cannot adequately discriminate between fascicles
within the white matter [170]. Finally, Water-Diffusion Magnetic Resonance Imaging
technology, which provided a great leap forward to white matter tractography (diffusion
in the direction of the fibers is faster than in the perpendicular one), lacks a comparable
histological standard; therefore, there is still no consensus on tract definition and inter-
and intra-user reproducibility is still lagging behind [171]. Also, MRI technology is
expensive, and the correct interpretation of diffusion images requires the careful selection
of anatomical regions of interests that require (as long as automated methods are able to
reach a fair degree of reproducibility) specifically trained morphologists [171,172].

6.2 Human Samples: Polarimetric parcellation of the human
prosencephalon

The excellent results shown for fresh animal samples analyzed in the previous section
pave the way for the inspection of human brain tissues. The structures of animal and
human brain tissue are, of course, different since the connections and functionalities of
human brain are more complex. Besides, fresh human tissues are not readily available for
research for obvious ethical reasons and, as previously mentioned, fixation may alter tissue
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properties. However, in this section we demonstrate that the polarimetric techniques
applied to human samples are as outstanding as in the animal brain case.

The samples used in this study were two post-mortem female human brains from the
Universidad de la Laguna. These two brains were preserved in a formalin solution. The
anatomical description of each section is provided in section 0. From each one of the two
brains, we selected different tissue blocks and then, we also selected different regions of
interest within them. Each one of the sections of the brain selected for measurement, were
kept in a histological cassette and preserved in formol until the measuring. In addition, after
the measurement process, the samples were preserved again in formol to perform a
histological analysis. This second analysis allows us to compare the results obtained by
means of polarimetry and the standard histological processes and identify the structures
detected macroscopically by polarimetric means. Note that before conducting the
polarimetric measurements, we make sure that the formalin was completely removed from
the samples. To do so, we washed the samples for 30 minutes under running water just
before performing the polarimetric measurement.

The samples were measured for four different wavelengths (470 nm, 530 nm, 590 nm
and 625 nm). The results for the intermediate values (530 nm and 590 nm) were redundant
with the information obtained by the extremal wavelengths at the visible range (470 nm
and 625 nm). Thus, in the following analysis the results presented are only for these two
cases. The results obtained in blue give more information about the more superficial layers
of the samples, whereas with the red wavelength the information obtained is also due to
more inner layers. Of course, the penetration capability of visible light in biological tissues
is very superficial, however, the complexity of the brain structure leads to differences in
the results obtained with the two extremal wavelengths in the visible range.

The results obtained for the fixed human samples are more focused on the detection of
layers within the gm as well as other structures of the brain other than wm. The detection
of cortical layers can be very beneficial in brain tumor operations because the unwanted
or unneeded modification of gm leads to catastrophic consequences in the patient. At this
moment, the technique used to localize the functions of specific areas in the cortex is a
type of electrocorticography called cortical stimulation mapping. This technique is invasive
and involves pacing electrodes directly onto the exposed brain. It is used in clinical and
therapeutic applications including pre-surgical mapping [173].

This subsection aims to study the effect of the filtered polarimetric observables in ex-
vivo formalin fixed human brain. To this aim, all the polarimetric observables related to the
physical properties of the samples introduced in section 2.2 were analyzed, both before
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and after the IDF application. At this stage, a medical doctor helps in the selection of
different sections of medical interest within the samples. These sections are shown and
anatomically explained in section 0. For a further anatomical description and to prove the
results obtained by means of polarimetry, we also provide in this section a comparison of
the polarimetric results with the histology of each of the samples.

In the previous subsection we analyzed both the directionality of white matter fiber and
some features of the gray matter composition. The animal samples were measured fresh,
without any fixation method. Therefore, that makes the study of the fibers easiest than in
the formalin fixed human brain samples. The effect of formalin is to reduce the water
content of the samples to preserve them in time. One of the main components of soft
biological tissues is water, therefore the elimination of the water will make structural
changes in the sample. There are some studies showing that this effect is not critical when
polarimetrically inspecting brain samples [116].

Figure 6-3 shows the comparison between the intensity image (a) and three filtered
polarimetric images (b), (c) and (d) obtained for two different wavelengths (a’; for 470 nm
and 625 nm and P’,). In Figure 6-3 (b) and (d) we can clearly see the boundaries between
white and gray matter. This is due to the strong difference in the response they show in
anisotropic depolarization; the yellowish color of wm corresponds to low depolarization
response, while the purple color shown by gm, corresponds to higher depolarization
response. It is important to note that the depolarization response depends not only on the
nature of the tissue (gm or wm) but also on the spatial distribution of the tissue. That is,
depending on the studied region or the direction of the cut performed to obtain the brain
section. This is more noticeable for the wm, where due to its intrinsically complicated
arrangement and directionality. For instance, when the cutting plane is perpendicular to
the fibers, they tend to produce less depolarization than in the parallel case.

In addition to the wm/gm discrimination, Figure 6-3 (b) and (c), both showing the a’;
channel but for 625 nm and 470 nm, respectively, provide richer information within the
gray matter region. As previously explained, the gray matter of brain is comprised by six
neocortical layers with different cell composition and density. These layers are noted by
roman numerals from | to VI, the layer VI being the closer layer to wm. In the a’; images,
the different depolarization responses of each layer allows to differentiate among them
and delimit the region they occupy. In Figure 6-3 (b) the black arrow indicates the location
of layer VI, having a strong depolarization behavior (purple color, a’; close to zero). In the
same image, we can observe a layer composition, however in Figure 6-3 (c) the contrast
between them is higher and the layers |, II/Ill, IV and V are detected.
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Figure 6-3 Section selected from the coronal section of sample ULLA251 cut through AP+2,
corresponding to the middle frontal gyrus, correspondent to sample 12 in section 3.2. (a)
Shows the histochemical staining of this section with the Nissl technique; (b) is the standard
intensity image and (b)-(d) show the filtered metrics showing the best results. C and m
correspond to coronal and medial, respective.

Finally, the leptomeningeal tissue of both the cerebral surface and the Virchow-Robin
spaces (see [174]) are highly depolarizing and can be spotted in Figure 6-3 (d), marked with
black asterisks. The relevance of the Virchow-Robin spaces has only recently been fully
understood, as they are an essential component of the glymphatic system, a brain-wide
fluid clearance network responsible for the exchange between cerebrospinal fluid and
interstitial water that, among many other functions, removes metabolic waste [175,176].

After the polarimetric measurements the samples were preserved to perform the
histochemical staining process and analysis. Figure 6-4 shows the comparison of the Nissil
and myelin histological section analyzed (a) and the corresponding macroscopic section (b),
marked in Figure 6-3 with the blue rectangle.
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In Figure 6-4 (a) we can appreciate the structural differences between the six layers,
from the outer layer (1) and the inner layer (VI). As explained in section 0 and depicted in
Figure 3-6 in the histological image, we can clearly see the pyramidal cells comprising layer
V, the lower density of cells in layer | and the subtle differences among the rest of the layer.
In Figure 6-4 (b) we show how the location of the layers is detected at macroscopic level in
the filtered polarimetric images. The black lines in the right of the image indicate the
regions corresponding to layers |, lI-1ll, IV, V and VI. The different composition of the layers
is translated in a different polarimetric response, in particular to different depolarization
capability. Thanks to the application of the IDF in the depolarization metrics, the
identification of the layers becomes easier. In this sense, we propose this technique as a
highly useful and interesting tool for the study of regions of the brain (in this case gm
layers).

26 mm 1mm

Figure 6-4 (a) Histochemical staining of the section of sample 12 marked with a blue rectangle in
Figure 6-3, the macroscopic (and not stained) section of the sample is show in (b).

In the next examples we show more structures that are detected by histochemical
processes (or other time consuming and destructive techniques) identified thanks to
anisotropic depolarization parameters. This paves the way for the application of these
techniques in in-vivo brain operations and as a quick alternative in the analysis of ex-vivo
histological samples.

Figure 6-5 shows the results for the second region selected of the sample ULLA251, this
region corresponds to sample 32 (see section 0). In the same way as before, in the image
we present the standard intensity image of the sample (Figure 6-5 (a)) with the three
polarimetric channels providing the best results. In this case, one of the metrics presented
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correspond to a combination of non-filtered parameters. In particular, Figure 6-5 (b) is the
result of the combination of two indices from the IPP before filter P; — P, for an
illumination wavelength of 625 nm. This result is very interesting because this combination
corresponds to the weight of one of the matrices in the Characteristic decomposition (see
Eqg. (2-37)). Figure 6-5 (c) and (d) are the filtered depolarization parameters P’ and a’5,
measured in blue (470 nm).
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Figure 6-5 Section selected from the coronal section of sample ULLA251 cut through AP+2,
corresponding to the middle temporal lobe, centered in the parahippocampal gyrus,
correspondent to the sample 32 in section 3.2. (a) Intensity image, (b)-(d) filtered and non-
filtered polarimetric channels showing the best results (P; — P,, P’, and a's). Lat and ¢
indicate lateral and coronal directions.

In this case discrimination between wm and gm is obtained for P’, and a’; (see Figure
6-5 (c) and (d), respectively). In addition, these figures allow the delineation of several
structures of interest in the brain different from the gm layers. In particular, Figure 6-5 (c)
unveils the pyramidal cell layer (plc) in its entire length both in the subculum (Sb) and cornu
ammonis (CA1). Other structures, such as the extrinsic mesotemporal connections through
the alveus (al) and tapetum (tap, commissural connections) that share orientation
regarding the cutting plane, share polarimetric features are detected in Figure 6-5 (d). In
addition, Figure 6-5 (b) provides a clear segmentation of the stratum oriens (so). Finally,
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the leptomeningeal-rich region of the hippocampal fissure (asterisk in Figure 6-5 (c) and
(d)) can also be detected.

Figure 6-6 (a) Histochemical staining of the section of sample 32, (a.1) corresponds to the
section marked with the blue rectangle in Figure 6-5 and (a.2) to the pink square in Figure 6-5.
(b) and (c) correspond to the regions marked with the blue and pink squares, respectively.

For a deep study of the results, a histochemical analysis of the regions marked with the
pink and blue rectangles in Figure 6-5 (c) and (d), respectively, is provided in Figure 6-6 (a).
In addition, we provide enlarged regions of the macroscopic polarimetric images in Figure
6-6 (b) and (c). In the histological images we can clearly see all the structures comprising
this region of the brain. In Figure 6-6 (a.1), from left to right, we can discern the three layers
comprising the hippocampus: a cell-rich pyramidal cell layer (pcl) in the sublicum -Sb- and
cornu ammonis -CA1, and the stratum lacunosum moleulare (sIm) and the stratum oriens
(so) both cell-poor regions. Then, the hc is coated laterally by the alvelus (alv), a white
matter tract.

Figure 6-6 (a.2) shows the coronal-medial perspective where the structures (from
bottom to top) correspond to a white matter region, followed by so, p/c and sim. We can
compare the results provided by the histological image with the structures obtained
through P’, channel in Figure 6-6 (c). In the image, each of these regions give a particular
depolarization response and thus, we can delimit not only wm but also the stratum oriens,
the pcl and the sim. Interestingly, the two cell poor regions (so and sIm) that are cell poor
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regions have a lower depolarization response whereas the pcl being a cell rich region
presents higher depolarization response.

In turn, Figure 6-7 shows the results for samples 11 and 31 from the frontal lobe section
of ULLA621. In this case, all the polarimetric images correspond to a measurement
wavelength of 625 nm.
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Figure 6-7 Sections obtained from the frontal lobe of ULLA621. (a) and (d) show the intensity
images of samples 11 and 31, respectively and (b), (c) and (e) correspond to the best filtered

500

polarimetric channels for both samples.

The depolarization response of the paracentral gyrus shows contrast enough to
discriminate between layers (I to V) in both regions (see marks in Figure 6-7 (b) and (e)). In
particular, the delineation of layer V is very prominent in Figure 6-7 (b) for sample 11 and
in Figure 6-7 (e) for sample 31, being the most depolarizing structure (darker color). Layer
| also presents a different polarimetric response than the tissue surrounding, in this case
the cell composition of this layer makes it less depolarizing (see white diagonal arrow in
Figure 6-7 (d) and (e) for sample 11 and | in Figure 6-7 (e) for sample 31). Continuing with
the layer detection, the a’; parameter in both cases is able to reveal more structural levels
of gray matter. In (e), layers I, IV and lI/lll are detected (see black and white arrow,
respectively). In the case of (e), the layers identified are |, II/1ll and V. Finally, all metrics are
useful to trace the limit between white and grey matter.
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Figure 6-8 (a) provides the results of the histological staining provided by the medical
doctor. In this case, we cannot do the direct identification of the histological images with
the polarimetric ones. The brain samples were approximately 2 cm thick, and the section
taken for the histological inspection cannot, by definition, belong to the cutting surface of
the paraffin block in which the brain sample is embedded. Therefore, any histological
analysis corresponds to a slice of the sample which was in a deeper region than the surface
measured with the polarimeter. However, the comparison between the structures in Figure
6-7 is still consistent.

Figure 6-8 (a) Histochemical staining of the section of sample 31, (a.1) corresponds to the back
section of the sample, (a.2) and (a.3) zoomed regions of (a.1).

In Figure 6-8 (a.1) we can see a section of the part of the sample where the regions
under study are located and the correspondent structures. The distinction between the gm
and wm is clear, the location of the different layers of gm are also marked. To make the
distinction between them clearer, Fig. (a.2) provides a zoomed image marked by the
pathologist indicating the location of the layers (1, I, 1ll, V, Vla and VIb). Finally, Figure 6-8
(a.3) provides a zoomed image of region identified as layer V.

Finally, the region of the brain presented in Figure 6-9 corresponds to the
prosencephalon, which is the most forward region of the brain and controls body
temperature, reproductive functions, eating, sleeping, and the display of emotions. In this
region, we can differentiate many tissues with the aid of the depolarization filtered metrics
(again, P'; and a’; in this case).
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Figure 6-9 Section obtained from the frontal lobe of ULLA621 corresponding to a deep region
of the human prosencephalon, this sample corresponds to the section 22 described in 0.(a)
shows the intensity image and (b)-(d) the best filtered polarimetric channels (P'; and a';).

This section is mainly composed by the internal capsule (ic), separating the stratum (str)
and the thalamus (t). The thalamus is segregated into different nuclei by the internal
medullary lamina (iml), being highlighted the predominantly somatosensorial ventral
posterior nuclei (vpn), which receives the medial lemniscus (m/). The ventral posterior
thalamus is separated from the subthalamic nucleus (st) through a complicated area that
includes Forel fields H1 and H2 and the zona incerta (zi). Forel field H2 is, in turn, formed
by the ansa lenticularis (a/) that surrounds the subthalamic nucleus. In the three figures
correspondent to P'; and a’; observables (Figure 6-9 (b)-(d)) the internal capsule and the
stratum are clearly identified. In addition, P’; channel in blue (Figure 6-9 (b)) provides an
excellent identification of all the aforementioned regions, highlighting among other
features the borders of the H1 field and the zona incerta. Main descending (ic) and
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ascending tracts (ml) are readily identifiable, being the heterogeneity of the ic justified by
the gradual change of curvature that this tract suffers between the prosencephalon and
the mesencephalon. In addition, in Figure 6-9 (d) the medial lemniscus is identifiable as it
reaches the vpn and spreads into different smaller bundles directed to different subnuclei
(asterisks). In this case, neither Nissl nor Luxol Fast-Blue staining would allow such a
clearcut distinction of bundles in the area, as Nissl does not satin white matter and Luxol
Fast Blue is not able to discriminate minor or poorly myelinated tracts, and is also unable
to classify tracts according to the directionality of their fibers.

Summarizing, in this section we have shown the utility of the techniques introduced in
this thesis for the study and identification of structures in brain samples. From the study of
white matter directionality in fresh animal samples to the identification of many structures
within gray and white matter. In particular, in most of the samples the application of the
IDF allows the identification of the layers (I to VI) of gm, important regions such as the
hippocampus, the thalamus or the Virchow-Robin spaces. Importantly, we also show the
comparison between the filtered polarimetric and the histological images, showing the
excellent performance of the IDF channels for brain structure identification.

Interestingly, the results presented in this section are clearly superior to any histological
staining method and do not require time-consuming and destructive methods of tissue
inclusion and sectioning. Also, signal (Mueller-matrix derived values) seems to be directly
related to the orientation of the fiber bundles. This offers alternative applications that are
far beyond the field of basic neuroscience or even brain pathology, as provide the basis for
in-vivo tract tracing in neurosurgical theaters [177].
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Chapter 7 Conclusions

7.1 Summary and conclusions

The following subsections summarize the main conclusions from each chapter of this
thesis.Mathematical formalism

In Chapter 2, we introduce the mathematical framework used to describe polarization
light-matter interactions. We review the Mueller-Stokes formalism that allows us to
mathematically deal with both the polarimetric state of light, by the Stokes vector, and the
polarimetric properties of matter, through the Mueller matrix.

To further describe the polarimetric features of samples, we need to perform a deep
analysis of the Mueller matrix. The physical characteristics of the samples related to
polarization that can be extracted from M are dichroism, depolarization and birefringence.
To obtain polarimetric observables from M relating to these three different polarimetric
features, there exist a number of different methods processing the information of M, as it
is the case of Mueller matrix decompositions. In this sense, the main decompositions used
in this manuscript are:

1) The block form, that allows obtaining dichroic and depolarization metrics from M;

2) The Arrow decomposition, that separates any Mueller matrix in a multiplication of
three simpler M (an entrance retarder, the arrow form of M encoding dichroic and
depolarizing properties, and an exit retarder) from which we can obtain several
parameters related to the three polarimetric properties;

3) The Spectral and the Characteristic decompositions of M, which are particularly
suitable for the study of depolarization properties.

We mainly focus on the depolarization-related parameters, including the Indices of
Polarimetric Purity (IPP), which are specially suitable for the visualization of biological
samples, and the physical meaning of the terms comprising the Characteristic
decomposition of M, which provide us with fundamental knowledge that allow
implementing new polarimetric tools for application in biological imaging.

Finally, in this chapter, we also describe the concept of 3D polarimetric spaces built from
combinations of some of the previously mentioned polarimetric parameters. For its
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usefulness in the studies conducted in this thesis, we focus on two main spaces: the Purity
Space and the Components of Purity Space. The first one consists of the three IPP (P;, P,
and P;). In the case of the Components of Purity Space, the generator observables are the
diattenuation, the polarizance and the spherical purity. Both spaces arise as efficient tools
to represent and visualize different types of depolarizers.

7.1.1 Materials and methods

In the materials and methods chapter, we describe the complete image Mueller matrix
polarimeter used in this thesis to obtain the experimental M of studied biological samples.
Moreover, this chapter also includes a detailed description of the biological samples
measured and characterized thought the manuscript, which include sections of soft tissues
such as heart, tongue and brain animal samples and brain human samples. We select to
focus on the analysis of soft tissues as they are especially sensible to benefit from the
methods proposed in this thesis.

The description of the Mueller matrix polarimeter includes details about its main
optical components. Some relevant characteristics of the set-up are the capability to
measure at different wavelengths in the visible range (470 nm, 490 nm, 530 nm and 625
nm) or at different angular measuring configurations. Note that the multi-wavelength
illumination capability is useful for the biological sample inspection, since the penetration
depth is wavelength dependent.

We also provide a brief description of the mathematical theory behind the operation
principle of the complete Mueller image polarimeter, as well as the calibration procedure
and the obtention of the experimental Mueller matrices. We want to highlight that all the
experimental M of samples presented in this thesis were obtained in the reflection
configuration because they are bulky tissues which are opaque in the visible range.

7.1.2 Discovering anisotropic and isotropic depolarization sources

Recently, the Indices of Polarimetric Purity have proved to be ideal metrics to study the
depolarization characteristics of media. In Chapter 4, we present a deep analysis of the
physical interpretation of IPP by conducting a collection of simulations mimicking the
behavior of different classes of depolarizers. In particular, we construct depolarizing
systems via the incoherent addition of simpler polarimetric elements, in accordance with
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the Parallel decomposition of a Mueller matrix. This decomposition states that any
depolarizing M can be described as an incoherent sum of pure Mueller matrices.

The elements used for the addition of pure matrices (leading to the simulated
depolarizers) are pure diattenuators, pure retarders or combinations of both with different
polarimetric properties and orientations. The aim of these studies is to relate the
characteristics of the simulations with their effect on the IPP behavior. This helps to
connect the magnitudes of the IPP with different scattering sources in light-matter
interaction processes. The control parameters in the simulations are related to the
diattenuation, retardance, orientation of each one of the elements and the statistical
variation from this orientation. To better approach our simulations to the behavior of real
biological samples, we add an extra control parameter: the orientation of each element is
modeled as a Gaussian distribution defined by a mean value and a standard deviation. In
addition, in the case of depolarizers based on retarders, we also perform further
simulations by adding these characteristics to the mean retardance of each element.
Interestingly, this is a key parameter in the study of the depolarization response of the
samples. We find that there is a threshold from which the depolarization behavior starts
appearing in samples. Therefore, one of the main conclusions of this chapter is that a
certain degree of structural disorganization is necessary to produce depolarization.
Complementarily, we also find a superior limit: from certain threshold, adding larger
dispersion on the control parameters does not introduce further depolarization capability
on simulated depolarizers.

Furthermore, the simulations also reveal an interesting relationship between the IPP
and the control parameters within our simulations. Specifically, the P; and P, index values
depend on the above-mentioned physical control parameters. However, the P; parameter
remains fixed as 1 independently of the different cases of simulated depolarizers.

The above-stated results lead to an interesting consideration. In the case of biological
samples, we usually obtain values of P; ranging from O to 1. Therefore, to obtain
depolarization response in the P; parameter, we need to add an extra term in the
simulations. We prove this term corresponds to an ideal (or isotropic) depolarizer whose
weight in the summation is directly related to the value of Ps. In fact, as more weight this
term has, the more affected is the value of P;.

IPP based simulated results show that we can differentiate between two different
depolarization sources, named as anisotropic and isotropic depolarization sources. To get
into specifics, the indices P; and P, are related to the intrinsic polarimetric properties of
samples, giving measure of the anisotropic depolarization content. The simulation results
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show that this kind of depolarization originates by the interaction of light with anisotropic
basic elements (diattenuators and retarders) with different physical properties and
orientations. The degree of polarization of light exiting from samples presenting
anisotropic depolarization is dependent on the input state of polarization. In turn, we find
that P; is related to the other type of depolarization; named isotropic depolarization. In
this case, the effect of the isotropic depolarization in light matter interaction is
independent of the input state of light, being any incident polarization state fully
depolarized. These systems can be related to a wide range of physical processes related to
diffuse reflections and multiple scattering processes where the polarimetric fingerprint is
lost.

Note that these results allow us to link depolarization measures at macroscopic scale
with microscopic properties of samples. In addition, by inspecting the Characteristic
decomposition of M, we can identify the contribution of each one of its terms as non-
depolarizing (M},), anisotropic depolarizing (M; and M;) and isotropic depolarizing (M)
terms. To conclude, we also provide some simple and representative experimental cases
of study, to validate the simulated results.

7.1.3 Isotropic Depolarization Filter (IDF)

In Chapter 5, we present a digital filter that separates the two depolarization
contributions identified in the previous chapter: isotropic and anisotropic depolarization.
As previously said, isotropic depolarization is associated with multiple scattering processes,
and it can be interpreted as white noise. In contrast, anisotropic depolarization contains
valuable information about the physical microscopic constituents of matter leading to
depolarization. Since isotropic depolarization acts as a veil, hiding the anisotropic
information contained in the samples (which is correlated with the main physical features
as dichroism and/or birefringence), separating these two components enables removing
the isotropic content, which is highly beneficial in terms of tissue imaging.

To implement this filter in the experimental Mueller matrices, we use the Characteristic
decomposition. In this decomposition, the isotropic depolarization is encoded in the last
term (1 — P;)Ms; where M5 = diag(1,0,0,0) is the M of a perfect depolarizer and (1 — P;)
is the weight of the isotropic depolarization. The remaining terms of the decomposition are
related to anisotropic depolarization and pure non-depolarizing contributions. Therefore,
the isotropic depolarization filter consists of removing the last term of the decomposition
((1 — P;)M3) and conducting the polarimetric inspection directly on the filtered matrix,
noted as M'.
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We analyze the effect of this filter on several polarimetric observables, particularly
those related to dichroism and depolarization. In these cases, the effect of the filter is to
multiply the observables by a factor 1/P;. Note that for image applications, this effect can
be different for different regions within an image. That is, when we analyze a sample
including two separated structures, leading to different magnitudes of P, this spatial
dependence of P;(x,y), results in a contrast enhancement between structures as well as
in structure unveiling in some samples. In addition to the spatial dependence of P53, the
filter is especially effective when also presents low values of P; (i.e. high isotropic
depolarization). These two conditions are common in soft biological samples.

In addition to that, we also analyze the effect of the filter in the framework of 3D
Polarimetric Spaces described in the mathematical formalism chapter. This analysis is very
useful for a visual interpretation of the filter. In the Purity Space, where the vertical axis
corresponds to P, the effect of the IDF is clear. Once a Mueller matrix image is filtered, all
the points represented within the volume are transferred to the top surface of the volume
(P3 = 1; anisotropic surface). As this is the plane parallel to the P; = 0 plane with larger
area, data distributions correspondent to different structures are largely separated when
transferred to this top plane. This situation leads to better identification and visualization
of biological structures. Then, in the case of the Components of Purity Space, the filter
application is related to an increase in the Depolarization Index (P, is proportional to P3).
An augmentation in the P, parameter after the filter application is related to an increase
in the region where data is located, leading to equivalent results than in the IPP space case.

To validate the filter, different soft tissues of animal origin have been analyzed,
including heart and tongue samples. These samples contain regions with different
structural features, some of which are not detected with standard intensity images or even
by conventional polarimetric based imaging methods. Once applying the filter, we observe
not only a significant contrast enhancement among the different structures but also unveils
some structures that could only be detected by the filtered polarimetric observables. For
instance, for the transversal section of the cattle heart sample, important anatomical
structures, such as the myocardium, endocardium, subendocardium and epicardium,
become clearly distinguishable. While the conventional intensity image suggests a
homogeneous tissue and the standard polarimetric image reveals some structures, the
filtered polarimetric observable provides richer visualization of internal structures.

The above-highlighted results demonstrate the potential of the isotropic depolarization
filter as a powerful tool for biomedical imaging. It offers a simpler, non-invasive and
potentially more cost-effective alternative to conventional imaging techniques. Both the
filtered polarimetric channels and the use of the filtered 3D Polarimetric Spaces can be very
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useful in several medical scenarios. For example, in the study of cardiac pathologies or the
recognition of different structures of interest within the samples.

Finally, although the aim of this thesis is to apply polarimetric techniques in the analysis
of biological samples, we would like to note that the proposed methods are general and
could be useful for a wide range of applications if the conditions for the effective
application of the IDF are fulfilled.

7.1.4 Polarimetric tools applied to brain analysis

Chapter 6 is meant to apply all the techniques and metrics developed thought this thesis
to the polarimetric study of the brain. In previous chapters of this thesis, we show the
usefulness of the filtered polarimetric observables for biological samples inspection.
Therefore, in this chapter, we study both animal and human brain samples by means of
filtered polarimetric channels, mostly studying the depolarization properties of the tissues
comprising the samples studied.

Moreover, it is worth noting that we have presented a very simple filtering method for
improved visualization of sample features, which can be experimentally implemented using
a macroscopic and non-destructive technique. The results presented in this work highlight
the interest of the filtering method for the study and characterization of biological samples,
paving the way for new protocols in biomedical and clinical applications.

Returning to the specific case of brain samples, brain tissue is primary composed of two
different structures: gray matter, characterized by a cell-like structure, and white matter,
composed of fiber-like tracts. Filtered polarimetric observables, especially those related to
depolarization and dichroism, are able to detect features within these regions that are,
some of them, very hard to detect by other means. For instance, the detection of white
matter tracts, such as specific thalamocortical radiations or the U-shaped short association
fibers underlying the cortex, are efficiently visualized after the IDF application. This is a
relevant contribution if considering that these kind of fibers are probably the most elusive
white matter tracts. The layers comprising gray matter are also detected and delimited by
the filtered channels. Also, interesting structures such as the thalamus or the Virchow-
Robin spaces are detected.

In many cases, the results obtained through polarimetric analysis surpass those of
traditionally histological staining methods, without time consuming and destructive
procedures, such as tissue embedding. The ability to detect cortical layers is of particular
interest in neurosurgical context, where unwanted or unneeded modification of gray
matter leads to catastrophic consequences in the patient. At this moment, the technique
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used to localize the functions of specific areas in the cortex is a type of electrocorticography
called cortical stimulation mapping. This technique is invasive and involves placing
electrodes directly onto the exposed brain. It is used in clinical and therapeutic applications
including pre-surgical mapping.

Summarizing, the application of filtered polarimetric observables to brain tissue analysis
demonstrates the significant potential of this technique for structural characterization and
clinical use. The results not only validate the effectiveness of the proposed methods but
also highlight their superiority over existing polarimetric and medical imaging techniques.

7.2 Proposal for future research

e Analyze and isolate every component of the Characteristic decomposition of the
Mueller matrix. This can help to relate physical mechanism behind the 2D and 3D
Mueller matrices with diattenuator and birefringence properties as well as to
develop new filtering approaches.

e Deduce the analytical relation between the Arrow parameters (a4, a, and az) and
the Indices of Polarimetric Purity. This could lead to a common basis of analysis
samples even using these two different observable families.

e Extend the IDF studies to different brain conditions, including aging or pathologies
such as cancer or Alzheimer. Create a wide database of human brain samples to do
statistically significant analysis of the filtered results for structure detections and
pathologies recognition.

e Application of these techniques in in-vivo situations or as aid in medical studies as
a part of clinical solutions. Develop a specific device for brain studies combining our
polarimetric-based methods with another optical techniques for specific and
strategic clinical applications.
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Abstract: Polarimetric techniques are widely used in a vast number of applications such as remote
sensing, material characterization, astronomy and biological tissue inspection. In this last scenario,
different polarimetric observables have proved their potential for enhancing imaging visualization.
In this work we use a set of polarimetric observables derived from the arrow decomposition of the
Mueller matrix for the first time: enpolarizing, retarding and depolarizing descriptors. In particular,
the mean intensity coefficient and the three indices of polarimetric purity, the absolute values
and Poincaré orientations of diattenuation, polarizance, entrance retardance and exit retardance
vectors are considered. Results show images with enhanced visualization or even revealing invisible
structures when compared to standard intensity images. In particular, thanks to these metrics, we
improve the visualization of the necrotic areas of a Vitis rupestris leaf. In the case of animal samples,
boundaries between different fascicles inside a tendon of an ex vivo chicken sample are revealed,
as is the directionality of fiber tracts of the subcortical white matter in an ex vivo cow brain. The
experimental results show the potential for biophotonics imaging and how polarimetric techniques
could be useful for biomedical and botanical applications.

Keywords: Mueller matrix; polarimetry; diattenuation; polarizance; depolarization; biophotonics

1. Introduction

Mueller polarimetry constitutes a powerful tool to generate images of a material
sample based on the spatial variation of polarization descriptors derived from the corre-
sponding point-to-point Mueller matrices (M). Even though the sixteen elements of a given
Mueller matrix can be used to build their respective images, each of those elements are
related in an intricate manner to the polarimetric properties of the sample at the particular
point under consideration. Consequently, the identification of appropriate sets of physical
parameters representing, in a separate manner, the fundamental (phenomenological) polari-
metric properties of the sample at each point, appears a key aspect to optimize the contrast
in imaging polarimetry, while the said properties can be monitored and represented.

From this point of view, in the specialized literature, there is a wide number of
polarimetric observables derived from M that allow a physical interpretation of some
characteristics of samples [1-6]. In particular, one can mention properties such as [2]:

e diattenuation and polarizance vectors, which can be obtained from the first row and
column of M, respectively [7,8];
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s depolarization, which can be globally characterized by means of the depolarization
index (or degree of polarimetric purity) [7], the polarization entropy [9], the depo-
larization power [8], the first and second Lorentz depolarization indices [10], the
overall purity index [11], etc., while the detailed information on depolarization can be
characterized by the indices of polarimetric purity [12,13];

s retardance, whose characterization for general Mueller matrices requires a criterion to
define both the entrance and exit retardance vectors.

A number of these observables have also proved their suitability in terms of biological
tissue imaging and characterization [14-19]. This is because most biological samples show
spatially heterogeneous polarimetric responses depending on the particular tissues they
are composed of. In this sense, some works provide the relation of some physiological
characteristics of tissues to polarimetric signals. For instance, Danijela et al., in the work [20],
relate the anisotropy in collagen fibers by connecting them to birefringent values, to
different cancer stages in tumors of epithelial origin.

Additionally, in references [21,22], the anisotropy levels and the orientation disorder
are directly related to heart pathologies such as infarction. Therefore, in these cases, both the
birefringent and depolarizing properties can help to differentiate between these different
(healthy and pathological) kinds of tissue.

Moreover, structures such as collagen, with a high presence in animal tissue, and
cellulose, present in vegetal tissue, are highly birefringent structures [23-25]. Depolarizing
responses are also related to multiple scattering due to the high presence of scattering
centers in tissues [26,27]. Dichroism carries information about the absorption of light in
tissue structures depending on the polarization of light. In the case of plant samples,
this helps in the detection of the organization and concentration of chloroplasts and re-
lated organelles in plant species [28]. In [29], the authors provide a list of animal and
human samples where different tissue regions and pathologies were inspected by means of
imaging polarimetry.

As a consequence of the above, in the last few years, the use of polarimetric imaging
has been broadly used in the field of biomedicine [14,30-40] and plant studies [41-46], for
instance, to study heart capillary structures in myocardium tissue [14,36], the visualiza-
tion of brain fiber tracks [47,48], the presence of raphides in plants [42], classification of
different kinds of tissue [31,36], cancerous tissues inspection in cancerous prostate [30,49],
colon [32,33], skin [50], and plant pathologies [15], among others [51-55].

As previously discussed, a particular spatial physiological modification is connected
to a specific polarimetric change. Note that if these different responses are produced in
different spatial regions of the sample, we will obtain better visualization (enhanced con-
trast) through polarimetric imaging. In this framework, this work focuses on studying the
suitability of a different set of observables, derived from the so-called arrow decomposition
of Mueller matrices [56], in biological applications. To this aim, the Mueller matrix of a
given sample at a given point is entered into the arrow decomposition, which allows for
the decoupling of sixteen meaningful and significant independent polarimetric properties.
Note that other well-known serial decompositions of Mueller matrices do not provide such
a decoupling; in particular, the Lu—Chipman decomposition [8] contains a depolarizer that
also involves both polarizance and retardance [57], while the normal form decompesition
contains equivalent diattenuators whose diattenuation and polarizance do not match those
of the sample as a whole [58]. Furthermore, the indices of polarimetric purity [12] (de-
scribing the depolarizing properties of the material sample) of the depolarizers associated
with both indicated approaches are in general different from those of the original Mueller
matrix [2].

In this work, the arrow decomposition approach is applied to the obtainment of sets
of sixteen images for a series of biological tissue samples (two of animal origin, and one of
vegetal origin), leading to improved contrast with respect to other conventional approaches.
The results obtained are discussed and analyzed from both a physical and a physiological
point of view.
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The contents of this communication are organized as follows. Section 2 contains
a summary of the concepts and notations that are necessary to formulate and analyze
the new polarimetric imaging approach. Section 3 is devoted to describing a set of po-
larimetric observables derived from the arrow decomposition. Afterwards, in Section 4,
materials and methods are provided. In Section 5, we show the polarimetric images of
three different biological samples (Vitis rupestris leaf, tendinous tissue from a chicken leg
and a coronal section of a cow brain), and they are compared to standard intensity images
to highlight the visualization improvement associated with arrow-decomposition-based
observables. Finally, Section 6 provides the main conclusions of the work.

2. Theoretical Background

Linear polarimetric interactions are characterized by means of their corresponding
Mueller matrices, which encompass all the measurable information regarding the changes
of the Stokes parameters of the polarized light probe for each given interaction condition
(angle of incidence and spectral profile of light, angle of observation, spot-size of the sample,
measurement time, etc.).

Let us consider the transformation of polarized light by the action of a linear medium
(under fixed interaction conditions). It can always be formulated as s° = Ms where
sand s are the Stokes vectors that represent the states of polarization of the incident and
emerging light beams, respectively, while M is the Mueller matrix associated with this kind
of interaction and can always be expressed as [8,59,60].

T
M=ngM, ME (] D ),

P m
my My M3
m = %DD My Moy Moz |, (1)
m3y M3y M33
D= (mq1.mpmgs) " P= (myg.magmzg)
gy 4 gy ’

where mj (i, ji=0, 1,2,3) are the elements of M; the superscript T indicates transpose
matrix; mgg is the mean intensity coefficient (MIC), i.e., the ratio between the intensity of the
emerging light and the intensity of incident unpolarized light; D and P are the diattenuation
and polarizance vectors, with absolute values D (diattenuation) and P (polarizance); and
m is the normalized 3 x 3 submatrix associated with M.

Leaving aside systems exhibiting magneto-optic effects, given a Mueller matrix M, the
Mueller matrix that represents the same linear interaction as M, but with the incident and
emergent directions of the propagation of the electromagnetic wave interchanged, is given
by [2,61,62]

M" = diag(1,1,-1,1) MTdiag(l,l,fl,l). (2)

Consequently, the diattenuation (polarizance) of M" coincides with the polarizance
(diattenuation) of M, showing that D and P share a common essential nature related to the
ability of the medium to enpolarize (increase the degree of polarization) unpolarized light
incoming in either forward or reverse directions [2]. Since magneto-optic effects only affect
the sign of certain elements of M, this does not affect D, P and other quantities considered
below (when applied to the reverse Mueller matrix), which are defined from the square
averages of some Mueller matrix elements.

Since0 < D < land 0 < P <1, vectors D and P can be represented in the Poincaré
sphere; in fact, they are closely linked to the Stokes vectors M §,, and MT3§,,8, = (1,0,0,0) T,
representing input unpolarized light and parameterized as follows:
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(MR #MIT() R=

Moy cos2¢p cos2xp
Moz ) = D( sin2¢p cos2xp ), 0<¢p<mn —n/4<yxp< /4
mo3 sin 2)(;)
o cos2¢p cos2xp
Mo ) = P( sin2¢p cos2xp ), D<gp<m —m/4< xp < /4
map sin2xp

Regarding the ability of M to preserve the degree of polarization (DOP) of totally
polarized incident light, a proper measure is given by the degree of polarimetric purity of M
(also called depolarization index) [7], Pa, which can be expressed as

D2 + P2 + 3p2
Py = fs 4)

where Ps is the polarimetric dimension index (also called the degree of spherical purity), defined
as [2,63]

[ml|, _ 1 X 2
Ps=—= m|, = E me |, 5
S \/5 H ”2 P el kl ( )

N o'\ ;

with ||m||, being the Frobenius norm of m.

While the set D, P and Ps of components of purity (hereafter CP) contain complete
information on the qualitative sources of polarimetric purity (see Equation (4)), the quan-
titative information of the structure of polarimetric randomness is provided by the set of
indices of polarimetric purity (IPP) [12], defined as
7\0+;}1—2n}lz, A P3?10f31 +4;-345, ©6)
22 A3, Ao+ A+ h+A3=1],

where A; (i = 0,1,2,3) are the trace-normalized eigenvalues (in decreasing order) of the
coherency matrix C associated with M. The values of the IPP satisfy the nested inequalities
0 <P <P, <Py <1 and the following weighted square average of them equals the
degree of polarimetric purity [12]:

1
Py = 5\/6P12+2P22+P32 (7)

Equations (4) and (7) show the single connection between the CP and the IPP via
Pp. Parameters myg, D, P, Ps, P;, P2, P5 and P, take their achievable values in the interval
[0, 1]. A detailed description of the properties and relations among these parameters can be
found in [2]. In particular, it is remarkable that all of them are invariant under dual retarder
transformations [64], that is to say, transformations of the form MraMMp,, with Mg; and
My being Mueller matrices of the respective retarders, which have the generic form [2]

_ (1 of T _
MR:(O mR), [mgme, detmg = +1 (8)

and can be parameterized in terms of the azimuth ¢r and the ellipticity xr of the fast
eigenstate, together with the retardance A of the retarder. Thus, My, is fully determined by
its associated Poincaré retardance vector, defined as [2]

A TMR23 — MR32 cos2¢r coS2XR 0<Arp<m 0<R<1
Mgy —mgi3 | = R| sin2¢g cos2xr 0<gpr<m . 9)

27sin A N—— sin2xr —m/4 < xgp < /4
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Hereafter, we will use the following generic parameterization of a Stokes vector X
(akin to that used for the diattenuation, polarizance, Poincaré entrance retardance and
Poincaré exit retardance vectors):

X1 cos2@yx cos2xyx
X=|x| =X|sin2¢x cos2xx |, 0<ox<m —m/4<xx < /4. (10)
X3 sin2xx

From the previous equation, the absolute value and angular parameters (Poincaré
azimuth and ellipticity) can be calculated using

2 2 2
X = X7+ x5 +x3,
Px = %arctan zf, sgn@y = sgnxy, 1n
Xx = %arcsi_nx_q, sgnyx = SgNX3.

3. Arrow-Form-Inspired Parameterization of the Information Contained in a
Mueller Matrix
Let us consider the following modified singular value decomposition of the 3 x 3
submatrix m of M [56]
(12)

g —— o . _
m=mpgomy mg; [ Mp; = Mg dEtmRI =+1 (1 = I,O)

my = diag(ay,az,ea3) €= detm/|detm|

where the nonnegative parameters (a3, a2,a3) are the singular values of m, so that the
following orthogonal Mueller matrices (representing respective retarders) can be defined as

1 of )
MR,-:(O n(:m) (i=10) (13)

The arrow form M 4 (M) associated with a given M is then defined as

1 DT
— T T _
M4 (M) = ML MM}, = mDD(PA mi)

my = mgomm};, = diag(ay, ay,€a3) (14)
ap >dp > a3 >0 &= detm/|detm]|
DA szlD PA =m;£OI’

and the corresponding arrow decomposition of M is [56] (see Figure 1)
M = Mro M Mg, (15)

Note that, to avoid ambiguity in the definition of M4 (M), the retarders Mgy and Mgg have
been chosen so as to satisfy a1 > a3 > a3 (with, 1 > a1 > a > a3 > 0) with sgneas = sgndetm
(sgnx standing for the sign of x), thus ensuring that detMp; = detMgo = +1, as required for
Mpg; and Mg to represent Mueller matrices of retarders.

The diattenuation and polarizance vectors of M are recovered from those of M4 through
the respective rotations in the Poincaré sphere representation D = m}; D4 and P = mROP 4
(thus preserving the respective absolute values |Da| = |D| = D, |P4| = |P| = P), which are
directly determined from the enfrance and exit retarders Mp) and Mg of M.

The arrow decomposition of M shows that M can be interpreted through the serial
combination of the entrance retarder Mg; of M, the arrow form M4 of M and the exit
retarder Mo of M. Consequently, the physical information held by M can be parameterized
through the following set of sixteen independent parameters [64,65]:

e the three parameters (¢j, x1, Ry) determining the entrance retarder;
e the three parameters (¢, Yo, Ro) determining the exit retarder;
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the MIC mg, of M (which coincides with that of M 4);

the three parameters (¢p, xp, D) determining the diattenuation vector D of M, or,
alternatively, the three parameters (¢pa, Ypa. D) determining the diattenuation vector
DA = ITIRID of MA;

e the three parameters (¢p, xp, P) determining the polarizance vector P of M, or, al-
ternatively, the three parameters (@pa, xpa, ) determining the polarizance vector
Py= mIT{OD of My;

e the three indices of polarimetric purity Py, Ps, P3 of M (which coincide with those
of M A)'

It should be noted that, due to the simple links between the diattenuation vectors

D and D 4 and between the polarizance vectors P and P 4, and since the polarimetric images

generated from their respective parameters only depend on their variations, for imaging

purposes the use of D (P) is entirely equivalent to that of D4 (P4).

Therefore, the Mueller polarimetry described in further sections and applied to a set
of biological tissues, leads to sixteen images (in general independent) for each sample, one
for each of the sixteen parameters described above.

l!l M=M,M M, M, M, M,;,

{ S S’ ' on-ocoo-oo-oo-ob z‘ sr

Figure 1. Arrow decomposition of a Mueller matrix. For any incident polarization state, with Stokes
vector S, the effect of any given Mueller matrix M is equivalent to that of a serial combination of an
entrance retarder Mgy, the arrow form M 4 associated with M and an exit retarder Mpp.

4, Materials and Methods
4.1. Experimental Setup Description: Complete Image Mueller Matrix Polarimeter

In this section, we describe the experimental setup used to obtain the experimental
Mueller matrix images of the biological samples inspected in this work.

The polarimeter employed to obtain the experimental M of the analyzed samples is
a complete imaging Mueller polarimeter. The polarimeter comprises two main parts: the
Polarization State Generator (PSG) and the Polarization State Analyzer (PSA). The PSG
and the PSA are composed of the respective series of optical elements (see Figure 2a) and
devices, which allow to generate and analyze, respectively, any state of fully polarized light.
In the case of the PSG, for being able to generate any state of polarization, it is comprised
by a linear polarizer oriented at 0° with respect to the laboratory vertical and two Parallel
Aligned Liquid Crystals (PA-LC) retarders oriented at 45° and 0° respectively. The PSA is
comprised of the same optical elements as the PSC but located in inverse order (Figure 2a).
To obtain the Mueller matrix images of the samples, a CCD camera is placed after the PSA
to capture the intensity of the sample correspondent to each pixel. In addition, the PSG
is illuminated with a light source which can work at different wavelengths in the visible
spectrum (625 nm, 530 nm and 470 nm) allowing us to inspect different characteristics of
samples. In particular, larger wavelengths polarimetrically interact with deeper Hssues and
shorter wavelengths mostly interacts with superficial tissues [66,67]. To reduce the spectrum
of the different wavelengths of the LED source and to prevent artificial depolarization
originated by the PA-LC’s performance dependence on said parameter, 10 nm filters for
blue and green illumination are used. Note that, for an accurate experimental determination
of the Mueller matrix of the samples, it is important to control external light sources, so
that the only light source interacting with the sample is that present in the PSG. For this
reason, experimental measurements of the Mueller matrix have been conducted in dark
conditions in the laboratory.
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Figure 2. Three-dimensional representation of (a) the PSG and PSA optical components; the com-
plete image Mueller polarimeter configurations used in this work; (b) reflection configuration; and
(c) transmission configuration. Image reproduced from Ref. [15].

The PSG and the PSA systems are set into two mobile arms, where their respective
angles can be adjusted to achieve different measuring configurations, as defined by an
angular-based variable Polarimeter. This capability allows us to measure samples at
two measuring configurations: transmission and reflection.

To measure samples in the reflection configuration (see Figure 2b), the PSG is located at 34°
with respect to the laboratory vertical and the PSA is at 0° with respect to the laboratory vertical,
thus avoiding ballistic reflection (scattered light is measured). If the samples are thin enough,
they are also measured in the transmission configuration (see Figure 2c), where the two arms
(PSG and PSA) are located in the laboratory horizontal, one facing the other. This is the case for
vegetal samples such as, for example, leaves. In turn, in the case of animal samples, due to the
sample thickness and characteristics, we only use the above-mentioned reflection configuration.
Last but not least, we want to note that we use the polarimeter in optimized conditions in
order to minimize the noise amplification from intensity measures to the final experimental M.
This has been done in terms of condition numbers and equally weighted variance metrics, by
using the six based polarizing basis described in [68]. In this sense, the polarimeter provides an
accuracy of 2% in the measurements [69].

In this section, we also provide the detailed characteristics of the employed setup.
The illumination is provided by a Thorlabs LED source (LED4D211, operated by DC4104
drivers distributed by Thorlabs) complemented with 10 nm dielectric bandwidth filters
FB530-10 and FB470-10 for green and blue wavelengths, respectively, from Thorlabs. The
linear polarizers are a Glam-Thompson prism-based CASIX and a dichroic sheet polarizer
from Meadowlark Optics in the case of the PSG and the PSA, respectively. The four PA-
LC retarders are Variable Retarders with Temperature Control (LVR-200-400-700-1LTSC
distributed by Meadowlark Optics). Finally, imaging is performed by means of a 35 mm
focal length Edmund Optics TECHSPEC® high resolution objective followed by an Allied
Vision Manta G-504B CCD camera, with 5 Megapixel GigE Vision and Sony ICX655 CCD
sensor, 2452(H) x 2056(V) resolution, and cell size of 3.45 um x 3.45 pm, so that a spatial
resolution of 22 pum is achieved.



Photonics 2023, 10, 669

8of 16

4.2. Sample Description and Preparation

In this subsection, we provide the physiological description of the animal and vegetal
samples inspected in this work as well as the preparation procedure for the measures. The
different structural components of tissue are directly related to their polarimetric response.
Therefore, different structures can generate different values in the polarimetric observables.
For instance, birefringent properties leading to retardance in biological samples can be
produced by the organization of some fibers such as collagen and elastin [24]. To allow
us to interpret the results when inspecting the polarimetric observables of the different
samples, here we provide a brief physiological analysis of the different animal and plant
structures inspected.

The plant sample is a pathological grapevine (Vitis rupestris Scheele) leaf. It was
obtained from a collaboration with the Botanical Institute of Barcelona and the Institute of
Agrifood Research and Technology. The leaf sample showed symptoms of black rot disease.
Black rot of grapes is caused by the Ascomycete Guignardia bidwellii (Ellis) Viala and Ravaz
(Botryosphaeriales). Guignardia bidwellii is a hemibiotrophic endoparasite that affects all
growing green vine parts [70]; i.e., mainly occurring on leaves and additionally including
leaf petioles, flowers and bunch peduncles and pedicels, shoots and tendrils [71]. On shoots,
petioles, and pedicels, spots appear as small, darkened depressions. Lesions appear one or
two weeks after infection on the infected plant part. The spots are roughly round or slightly
segmented, some millimeters in size, initially brown-reddish and darkening with age.

During the biotrophic stage of G. bidwellii, soon after infection, hyphae grow mainly
between the leaf cuticle and the walls of the palisade parenchyma. They form a dense,
two-dimensional mycelium with no visible disease symptoms occurring during this latent
incubation period, which may extend to up to 12 days [72,73]. When a later transition to
necrotrophic stage occurs, mycelium of G. bidwellii expands and colonizes all leaf tissues
(including epidermis, mesophyll and vascular bundles), thus leading to an overall necrosis
of the infected plant part. Leaf samples used in this study were all showing necrotic lesions
corresponding to the necrotrophic stage, and latent lesions (i.e., the biotrophic stage) were
neither observed nor analyzed.

Production of secondary metabolites including guignardic acid, phenguignardic
acid, alaguignardic acid, (65,9R)-vomifoliol, several guignardianones (A-F), and several
guignarenones (A-D) have been reported to date to be produced by different Guignardia
species, which have been potentially demonstrated to show phytotoxic effects on plant
cells [71]. Specifically, only (65,9R)-vomifoliol and guignarenones (A-D) are known to be
produced by G. bidwellii [74]. However, their phytotoxic action is disputed and their role in
the development of grapevine black rot has not yet been confirmed [71].

The animal samples correspond to an ex vivo chicken tendon and a biopsy from an ex
vivo cow brain. They were obtained from a local slaughterhouse and no laboratory animals
were used for the experiments; previous treatment and commercial use of the animal tissue
were in accordance with Spanish legislation. The samples were stored at —16 °C after the
acquisition and until the measurements.

Tendons are composed of parallel fascicles of collagen following the same directionality
as the corresponding muscle. Both tendinous and its surrounding tissue (fascia and areolar
fatty tissue corresponding to paratenon) are of mesodermal origin, while the tendon is
composed of densely packed directional bundles of type I collagen. This organization
creates a striated structure.

The brain sample corresponds to a coronal section taken in the crossroad between
the posterior parietal lobe and the occipital lobe of a cow, approximately 2 cm from the
rostral to the occipital pole. This section is composed of cortical grey matter (GM), which is
a layered cell-rich structure, and subcortical white matter (WM), which is sparsely cellular
and composed of bundles of nerve fibers that connect the cortex with other cortical areas or
with subcortical structures (at this level, mainly thalamus).

As previously stated, the plant sample was measured in the transmission configuration
whereas for the animal samples, the reflection configuration was employed. All the samples
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were measured at the three available wavelengths in the polarimeter. For simplicity, here
we only present the results providing the best structure visualization of the polarimetric
observables (corresponding to 470 nm).

5. Application of the Mueller Matrix Parameterization to Polarimetric Imaging of
Biological Tissues

In this section, we show the comparison between the standard intensity images of
the studied samples (grapevine, tendon and brain; see Section 4) and some of the selected
polarimetric observables’ images (R, ¢ and ¢; see Section 3). To highlight the potential of
this set of observables calculated for each one of the studied samples, we provide the best
observables-based images results in terms of tissue visualization in this section. Note that
common biological samples present different polarimetric features and specific observables
will focus on a particular characteristic inspecting such features. This limits the situation
of retrieving all possible biological structures at the same time with a single polarimetric
channel and, thus, multiple observables should be considered for a complete analysis of the
sample under inspection. In turn, the sixteen arrow-decomposition-derived observables
discussed in this work present a set of metrics studying the main polarimetric characteristics
of samples (retardance, diattenuation and depolarization). In the following examples, from
all calculated metrics (see Section 2), we choose to present the channels providing the best
visualization of particular biological structures of interest.

On the one hand, in Figure 3, we show the results for the grapevine sample. In partic-
ular, we compare the intensity image (Figure 3a) of the plant sample and the polarimetric
image correspondent to the entrance retardance parameter (R;) (Figure 3b,c). We clearly
observe the visualization enhancement between different structures of the plant associated
with the polarimetric channel R} when comparing Figure 3a,b. To benefit from the visual
improvement related to colormaps, an image based on the entrance retardance parameter
(Ry) is represented in Figure 3¢ in a different colormap than the grayscale in Figure 3b. For
the following discussion, we will compare images (a) and (c).

In Figure 3c, we see how some structures almost invisible to the standard intensity
image (Figure 3a) are clearly observable. For instance, in Figure 3c, we observe how
different structures present in the leaf have different polarimetric responses—in this case in
the entrance retardance value, which is translated in a different value of R;. For instance,
the pathological areas of the plant (see yellow arrows) present different retardance values
than the rest of the healthy leaf lamina. That is, the structural changes produced in these
necrotic areas of the leaf (see description in Section 4) produce a very different entrance
retardance, Ry, behavior which allows us to have a great contrast between the not infected
part of the plant and the necrotic stage of the pathology. Moreover, we also can differentiate
the vascular structure of the plant, especially the highlighted primary veins (see yellow
dashed rectangles). Note how the stated visualization improvement can be of interest for
characterization as well as the pathological analysis of plants.

On the other hand, in Figures 4 and 5, we show the results for the two studied animal
samples. In the same way as with the plant sample, the polarimetric-observables-based
images (both in grayscale and optimized colormap) are compared with the intensity image
as a reference for each case.

In Figure 4, we see the images correspondent to the tendon sample. Figure 4a shows
the standard intensity image of a tendon which is partially enveloped by fascia and areolar
fatty tissue (indicated by the symbol * in the figure). In the polarimetric image (Figure 4c),
which in these cases corresponds with the azimuth of the diattenuation (¢p) observable,
we are able to see structures almost not visible in the intensity channel (Figure 4a). In
Figure 4b,c, we can appreciate a larger contrast between the fascia covering the right part
of the tendon, where the different folds composing this structure have different azimuth
values (see white rectangle in Figure 4). Moreover, the polarimetric channel ¢p, also reveals
a structure in the left part of the samples. These structures (see red arrows), hidden in the
intensity image, are the boundaries between different fascicles inside the same tendon.
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Intensity R,

Figure 3. Images of the pathological grapevine sample for the 470 nm illumination wavelength.
(a) Intensity image; (b,c) images of the Rj polarimetric channel with different colormaps (indicated
on the right of the image). The yellow arrows indicate the necrotic lesions of the leaf and, the yellow
dashed rectangles indicate some of the primary veins in the leaf.

Intensity

Figure 4. Images of the tendon sample for the 470 nm illumination wavelength. (a) Intensity image,
(b,c) azimuth of the diattenuation, ¢p, images with different colormaps (indicated on the right of
each image). The tendon is partially (*) enveloped by fascia and areolar fatty tissue corresponding to
paratenon. Red arrows in (c) indicate boundaries between different fascicles inside the same tendon.
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Intensity

Figure 5. Images of a coronal section of a cow brain sample for the 470 nm illumination wavelength.
The sample corresponds to a section taken in the crossroad between the posterior parietal and occipital
lobes with cortical grey matter (GM) and subcortical white matter (WM) fibers correspondent to
different types of radiation; parietal radiations of the corona radiata (PCR) and optical radiations (OR).
(a) Macroscopic plain view of the full cut of the sample, (b) intensity image, (c,d) entrance retarder
azimuth images, ¢, with different colormaps (indicated on the right of each image).

In this example, we show how the features of the directionality of fibers of a similar
nature (collagen and elastic) may be useful to distinguish tissues with roughly similar
compositions (tendon vs. peritenon; tendon strongly directional vs. peritenon looser and
non-directional) but different organizations that are not readily identifiable at plain view.
Although the direct application of that is not near in the future, it might be useful in the
analysis of musculoskeletal diseases that imply long-term changes in motor strategies
and, therefore, in the balance of mechanical forces that determine the organization of
collagen-rich tissues [75,76].

Finally, in Figure 5, we provide the results for a coronal section of a cow brain (see
a photograph of the sample in Figure 5a). Once again, the comparison is set between
the standard intensity image (Figure 5b) and the best results for polarimetric images
(azimuth of the entrance retarder, ¢;; Figure 5¢,d). In this vein, in Figure 5a,b, we can see
two different structures in the brain: gray matter (GM) and white matter (WM); which
present different compositions and functions in the brain. However, in the polarimetric
images (Figure 5¢,d), we are able to distinguish information about the sample structure
which is not visible in the intensity channel. Firstly, the boundaries of the WM and the
GM are better observed in the ¢; image, where we can see a region of WM (see black
arrow in Figure 5d) clearly contrasted (note that this WM region is not distinguished in the
intensity image and can be misclassified as GM). Importantly, other interesting structures
are revealed in the ¢; image. In particular, in Figure 5d we can identify fiber tracts of the
subcortical WM classified according to their directionality. This allows tracing the borders
between the longitudinal (at this level) parietal radiations of the corona radiata (PCR in the
figure), optical radiations (transversal, OR in the figure; framed with white dashed lines in
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the right of the figure) and specific fascicles probably corresponding to the dorsal visual
processing pathway (for example, X in the figure; framed with white dashed lines).

Note that WM is composed of bundles of nerve fibers whose directionality is not
identifiable macroscopically or with routine histochemistry, while specific techniques are
time consuming or not easily reproducible. However, as we are sensible to different
directionalities of the fibers composing the WM through the entrance retarder azimuth,
¢;, this channel leads to the high contrast of these structures. Therefore, with this channel,
we are capable of detecting information about the directionality of the fibers by means of
macroscopic and nondestructive measures of the sample.

Brain connectivity and its functional expression is probably the present frontier of
applied neuroscience, as there is no gold-standard technique for pathway mapping apart
from peri-mortem tract-tracing injections that are not ethically suitable for the study of
human connectivity [77]. Histology or ultrastructure-based methods can distinguish fiber
orientation but are not useful for tracing long range tracts, which are only revealed by
specific techniques of microdissection [78] where resolution in smaller areas is lost. In vivo
diffusion magnetic resonance tractography is a widely used method that, however, lacks
(by design) histological counterchecks and is unable to resolve crossing tracts, as well as
providing amputated images in areas such as the corticospinal tract where terminations
are unambiguous (see Ref. [77] for a review on the matter). There are two methodological
studies that provide acceptable anatomical resolution after the ex vivo analysis of the
directionality of white matter tracts in large specimens: optical coherence tomography [79]
and Mueller matrix polarimetry [80]. Both studies demonstrate the ability to classify large
tracts that are known to have different orientations (internal capsule, cerebral peduncles,
fimbria, medial lemniscus, optic tract, see also Ref. [81]) and to resolve the limits between
gray and white matter. Qur approach is similar to that described by Felger et al. in Ref. [81]
but shows a better resolution of tracts within the white matter.

6. Conclusions

In this work, we analyzed the suitability of a particular set of polarimetric observables
in the framework of biological imaging, which are derived from the arrow decomposition
of a Mueller matrix of a given sample: (1) the mean intensity coefficient (mgg) of M 4 of the
measured Mueller matrix; (2) six angles (azimuth, ellipticity and retardance) determining
the entrance and exit retarders (¢, x1, R1, 90, Xor Ro), respectively; (3) three parameters
(azimuth, ellipticity and diattenuation) determining the diattenuation vector {(¢p, xp, D);
(4) three parameters (azimuth, ellipticity and polarizance) determining the polarizance vec-
tor (¢p, xp, P); and (5) the three indices of polarimetric purity (Py, P», P3). These conform
to a polarimetric space of sixteen polarimetric properties which are reviewed in Section 2.

These sixteen metrics have been applied to test the suitability for the visualization
enhancement of biological tissues. To experimentally determine such properties, we have
measured the experimental Mueller matrix of the samples, thanks to a complete imaging
polarimeter. In particular, the samples under study have been: (1) a vegetal sample,
i.e., Vitis rupestris leaf; (2) an animal ex vivo sample, i.e., a chicken tendon; and (3) an animal
ex vivo sample, i.e.,, a cow brain. The description of the samples as well as of the image
polarimeter is provided in Section 3.

In Section 4, we have proved the potential of the methods by analyzing the exper-
imental results for the above stated samples. In the case of the Vitis rupestris leaf, the
entrance retardance parameter (R;) leads to the best visualization results, allowing for a
clear visualization of the necrotic areas of the leaf. For the case of tendinous tissue, the
best visualization is provided by the azimuth of the diattenuation (¢p), revealing the
dichroic nature of the tissue and allowing for detecting the boundaries between different
fascicles inside the same tendon. Finally, for the coronal section of the brain, the azimuth of
the entrance retardance (¢;) was selected, with this channel revealing fiber tracts of the
subcortical white matter classified according to their directionality.
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The improved results in terms of structure visualization pave the way for new applica-
tions in the fields of biomedical and botanical areas. We think they offer new possibilities
for the early detection of some pathologies or for fundamental physiological studies. Im-
portantly, we want to highlight that with this technique we are able to clearly observe
some structures, as is the case for different bundles within the subcortical white matter
of the brain, which are difficult to describe both in vivo and postmortem and require time-
consuming and not easily reproducible methods, such as microinjections or specific, highly
destructive techniques for dissection. Importantly, the methods provided are non-invasive
and could be applied in real time applications, being in numerous cases less expensive
than other existing alternatives. Last but not least, these polarimetric methods can be
combined with other well-known optical techniques [82-84] to help the early detection of
pathologies. In this sense, structures showing retardance features seem to be ideal to be
analyzed through the arrow metrics, as can be the case of tissues consisting of collagen
(muscle, tendon, myotendinous junction, skin, brain and associated pathologies).

To summarize, we have demonstrated the excellent potential of these metrics to not
only enhance the contrast between different relevant structures in biological samples (both
of animal and vegetal origin) but also to show structures that are hidden by using basic
imaging systems. These are very promising results in biological applications such as plant
pathology detection or animal tissue recognition. Nevertheless, further research would
be required to compare the utility of such metrics with other well-known polarimetric
observables in order to find the best suited polarimetric observables in terms of sample
visualization (including human studies), but further studies point out in the direction that
suitability will strongly depend on specific samples.
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In this work we show how a specific set of three depolarizing observables, the Indices of Polarimetric Purity
(IEP), Py, Py and Py, are ideal metrics to study the depolarization characteristic of media. We simulate different
depolarizing scenarios, based on different depolarizing origins, and we study the corresponding IPP values. The
simulations are based on the incoherent addition of multiple elemental polarizing elements, as ideal polarizers
and/or retarders with different specific characteristics (orientation, retardance, transmittance, etc.). Further
depolarizing scenarios are also studied by including the effect of ideal depolarizers. We show for the first time
how by analyzing depolarizing systems through IPP we unravel two different depolarizing origins: isotropic and
anisotropic depolarization, with meaningful physical interpretation. The former, isotropic depolarization is
related to pure scattering processes, and mainly connected with P3 observable. The later, anisotropic depolari-
zation is originated by microscopic constituent elements showing polarimetric anisotropy (dichroic and/or
birefringent elements with different characteristics) and anisotropic scattering produced by these elements, and
mainly deseribed by P; and P observables. Both effects can be simultaneously observed in real samples and give
us information of the processes that give rise to depolarization in light-matter interactions. The simulated results
are experimentally validated by analyzing the depolarizing behavior, in terms of IPP, of diverse real samples with
easy physical interpretation, and direct connection with simulations. The present study could be of interest in
multiple scenarios, to further understand the depolarizing response of samples, and it can be of special interest
for the study of biological tissues and pathologies, as they present important depolarizing behavior.

1. Introduction

Polarimetry encompasses a collection of optical techniques devoted
to analyzing one main characteristic of transversal waves, the polari-
zation, or the polarimetric property of samples, through light-matter
interactions. Nowadays, polarimetry is useful in a wide range of appli-
cations, as in astronomy [1], remote sensing [2], material character-
ization and quality control [3,4], food analysis [5], botanical
applications [6], biomedicine [7], among other.

In the case of biological samples, polarized light may be modified in
different ways when interacting with different organic structures, this

* Corresponding author.
E-mail address; monica.canabal@uab.cat (M. Canabal-Carbia).
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being of interest in terms of contrast enhancement between different
structures in the samples. These differences in the exiting polarization
after interacting with different tissues are related to the specific polar-
imetric characteristics of tissues, as the birefringence, dichroism, or
depolarization. Typically, birefringence and dichroism are two polari-
metric responses well-studied in biological samples, as it is common to
find that constituent elements of tissues present some significant
behavior in terms of birefringence or dichroism. For instance, in Ref. [8]
the birefringent properties of a sample help to differentiate between
healthy and cancerous tissue, in Ref. [9] elastic and collagen fibers in a
rabbit aortic wall are characterized by its retardance, and in Ref. [10]
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diattenuation allows to distinguish between brain regions with different
tissue properties.

Depolarization is a measure of the sample capability to depolarize an
incident fully polarized light beam. Traditionally, in terms of image
contrast, depolarization was seen as a non-desired magnitude, which
was tried to be minimized to exploit the other polarimetric properties.
However, in the last decades, it has been revealed that depolarization
channel itself provides large intrinsic information of samples (as for
instance, organization, size, density of structures, etc.), as well as it is
very relevant in terms of structures visualization enhancement. In this
sense, depolarizing channels have been reported as useful to detect
cancer stages in different human and animal tissues as ex-vivo human
colon and skin [11,12] colon cancer, skin carcinoma, pathology detec-
tion in vegetal tissue [13] and, tissue recognition [14].

An ideal framework to study depolarizing properties of samples is the
Mueller-Stokes (M-S) formalism. In this sense, the Mueller matrix of a
sample, can be experimentally determined from intensity measure-
ments. Different observables that can be deduced from the coefficients of
the Mueller matrix allow to study the depolarizing properties of samples
[15-17]. Among these different approaches, in this work we use the
Indices of Polarimetric Purity (IPP) [18-20] as reference metrics to
study the depolarization. The IPP comprises a set of three observables,
the Py, P> and P3, channels, that can be derived from the eigenvalues of
the covariance matrix [20] (a transformation of the Mueller matrix), and
they are connected to the polarimetric randomness structure of the
sample that they represent [21-23]. The IPP are an ideal framework to
study the depolarizing properties of biological samples, as they have
already proved their interest for the image enhancement and discrimi-
nation of biological structures [6,13,24,25] as well as to construct
recognition models for the guided detection of biological structures
[14].

In this work we take advantage of the IPP as a metrics to study the
depolarization origin. For this purpose, we construct different de-
polarizers through the incoherent summation of different basic elements
(pure diattenuators, pure retarders and perfect depolarizers), with
different properties and orientations. The resulting simulated scenarios,
studied in terms of PP, allow us to understand the inherent constituents
within samples with regards to their macroscopic depolarizing response.
In this sense, the proposed simulations allow us to differentiate between
different kind of depolarizers, arising two main depolarizing mecha-
nisms: (1) depolarizers whose depolarizing response does not depend on
the input state of polarization; and (2) depolarizers whose depolarizing
response depends on the input polarization. Importantly, we demon-
strate how those depolarizing vias can be quantified by using the IPP
framework. In addition, the proposed simulated environments are
experimentally validated with simple samples with well-defined polar-
ization properties that reproduce phantom experiments.

The presented study allows us to connect inherent physical proper-
ties of samples with measurable depolarization data and it provides new
analytical tools for a better understanding of depolarizing mechanisms
in biological samples, and therefore, to their inherent structures,

2. Indices of Polarimetric Purity (IPP) as a framework to study
depolarizing behavior of samples

In this section we provide the fundamentals necessary to construct
the models given in further Section 3, which will help us to study
different depolarizing scenarios.

In particular, we focus on the IPP to provide fundamental informa-
tion about the origin of depolarization. The choice of the IPP is not
arbitrary since they provide further information than other well-known
depolarizing observables (as the Degree of Polarization or the Depola-
rizing index [27]) as well as because their interest for the enhanced
visualization of tissues has already been demonstrated [13]. To study
the IPP parameters we construct our simulations and experiments based
on the M-S formalism [28,29]. In this formalism, the state of polarization
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of the light is described by the Stokes vector (S), whereas the polari-
metric properties of samples are described by Mueller matrices (M) [17,
28-32].

In the following, we briefly review the calculation of the IPP. These
three magnitudes arise naturally when applying the spectral theorem
[33] on polarimetric systems. The IPP constitute a set of three real
magnitudes, named P;, P; and Py, defined as combinations of the
covariance matrix H (associated with M) eigenvalues () [17,20,33]:

A4y
=5
g+ A — 24s
Pr=—77-—7— 1
2 T (1)
Ao+ Ay 4+ Ay — 34y
Pi=——mm—
rH

where, the values are restricted between 0 and 1, and follow the relation:
0<P <P, <Py<1(i=1,23) @

Pure or non-depolarizing systems are characterized by P;=P2=P3—1,
while for totally or ideal depolarizers P;=P;=P;=0.

Importantly, the characteristic decomposition of the Mueller matrix
can be expressed in terms of the IPP as [19,20]:

M= -'Jl(’“w*i’}m) + (P -'ﬂ(muu*ﬁjj + (P — ’Jz](msJu‘{’f:)
(1= P3) (mey M) (3)

where, P is the weight of the nondepolarizing component My, P2-P; is
the portion of the medium that behaves as a 2D depolarizer (represented
by M 1), P3-P5 summarizes the part of the medium that behaves as a 3D
depolarizer (represented by Ms), 1-P is the portion of the medium
behaving as a perfect depolarizer where M;=diag(1,0,0,0) and the
circumflex in M denotes the normalized matrix in each case [17,19,20].

Note how Lq. (2) becomes very interesting because it allows us
connecting the weights of the different terms of the characteristic
decomposition, which are physically interpretable, with combinations
of IPP, which can be experimentally obtained.

3. Depolarizing systems with P3=1

Depolarizing behavior of samples can be understood as their ability
to introduce polarimetric randomness to an input polarized light beam.
When an expanded beam illuminates a sample, light-matter interactions
are produced which result in heterogeneous modifications of the po-
larization spatial distribution of light. Those polarization spatial distri-
butions are incoherently added at the detectors of polarimeters, leading
to depolarization measurements. The physical origin behind the depo-
larizing response of a sample is multiple, but it is always connected to
the inherent constituents of the sample, and how they modify polari-
zation through light-matter interactions. In this work, we provide
different cases of study which lead to depolarization, and they are very
easy to interpret. The cases will be studied in terms of their Indices of
Polarimetric Purity (IPP) values, because, as we will show, the IPP allow
us to catalog different kinds of depolarizers as a function of the inherent
processes that give rise to the depolarization.

To do so, we will model different depolarizer scenarios in which
depolarization takes place, consisting of basic physical elements, this
leading to a very simple interpretation of the depolarizing processes
behind them. In particular, in this section we present two different
simulations of depolarizers that are based on the simplest polarimetric
elements: linear retarders and linear diattenuators. As it will be shown,
these two scenarios lead to the particular value of P3=1, whereas P; and
Py are different from case to case. In Section 1.3 of the supplementary
document, we also include the simulation where the Mueller matrix is
constructed by the combination of linear diattenuators and retarders.
The behavior of these M is similar to the ones presented in the main text,
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and P3=1 for all the cases.

The models presented in the following are implemented in a way that
is in adequacy with the premises of the parallel decomposition [17]. The
latter decomposition states that, any depolarizing M can be described as
an incoherent sum of Mueller matrices M; [18,19,21,33,34]

" n
M= nnxu'rﬁf = g Za,ﬁ',:a, =10 Z a =1 4)
i i=1

In this section, we conduct the simulations based on the incoherent
addition of n Mueller matrices of pure polarimetric elements (linear
diattenuators and linear retarders; with different values and orienta-
tions). These simulations pretend to mimic the macroscopic response of
complex systems including dichroism, birefringence, or both.

3.1. Depolarizers originated by the incoherent addition of linear
diattenuators

The first case of study consists of the simulation of depolarizers
constituted by the incoherent addition of linear diattenuators. The
Mueller matrix of a x-y aligned linear diattenuator M;p can be written as
[28]:

J ey A B

L\ pi-p pi4p, 0 0
Min(pop,) =3 0 o 2.p 0

0 0 0 2p.p,

here p, and py, are the amplitude attenuation coefficients for the x and y
components, respectively. To make the simulation more realistic, we
will consider diattenuators oriented at different angles. To do so, we
have to take into account the Mueller matrix of a rotator [28], where # is
the angle of the rotator. Therefore, the Mueller matrix of each linear
diattenuator rotated to an angle ¢ can be obtained as [23]:

M (pepys @) = Moo — B)MLpM,(0). (6

Under this scenario, by applying the summation in Eq. (4) to Mueller
matrices with the structure given in Eq. (6), we achieve a model with
different control parameters: the number n of Mueller matrices in the
summation, the amplitude coefficients (p, and py) and the orientation
angle () for each Mueller matrix.

Therefore, we need a criterion to choose the way to assign different
values to the parameters in each diattenuator within the summation.
These values could be set arbitrarily, for instance, by generating random
numbers, but to simulate a situation closer to real samples, such as the
distribution of collagen fibers in a tendon ar cellulose in the vascular
tube of a leaf, we restrict the domain of variation. We consider a group of
dichroic optical elements, with a privileged direction, with deviations
from this direction. To do that, the values for the control parameters in
each of the n matrices in the summation are assigned by X + &, where X
is the mean value parameter and & is a random variable that follows a
Gaussian distribution with a null mean and a given variance (s). The
mean values for the amplitude coefficients py, py are bounded within the
range (0, 1) and the mean orientation of the diattenuators within the
range (0,180°).

Afterwards, for the sake of interpretation (to limit the space of sim-
ulations), we chose to fix in all the simulations the value of the ampli-
tude coefficient in the x direction p, to a constant value. Regarding the
number of elements in the incoherent addition, we set n = 1500, this
number being a trade-off between a large number of elements (to mimic
real processes of light-matter interaction) and a reasonable computation
time.

Once we have set the values for p, and n, our remaining control
parameters are py and . For each value of p, we conduct a collection of
simulations by taking a given value of p, and changing the values of py
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from 0 to 1 with steps of 0.003 and with a null variance (o,,=0), and
values of § with a given mean value (we choose #=60° and a variance
(o) taking values from 0° to 180° with steps of 0.6°. This lead to a 300 x
300 — 90,000 simulations, each one leading to a Mueller matrix of a
composed depolarizer. In order to study the depolarizing properties of
the resulting 90,000 depolarizers, the IPP (i.e., P;, Pz and P3 channels)
values are calculated according to formulation given in Section 2.

The results obtained for Pj, P; and P; are presented in Fig. 1. The x
axis provides the py, parameter, whereas the y axis shows the values for
the variance of 6, the ¢, parameter. Therefore, the resulting images
include the IPP values for the 90,000 simulations, each pixel of the
image corresponding to a particular (py ;, 5y combination). The values for
the IPP are coded in a color scale ranging from the minimum value (0
value, in blue) to the maximum value (1 value, in yellow), as provided
by the colorbar. In addition, different rows in Fig. 1 provide the IPP
simulations for two different values of p, (0.8 and 0.2). We have also
computed the simulations for different values of p,, these results are
presented in Section 1 of the supplementary material.

In Fig. 1(a)-(f) we observe the behavior of different depolarizers
based on incoherent addition of linear diattenuators with different
characteristics of (py, py, and og). Regarding the orientation angle mean
value for the constituent diattenuators, o, this parameter is set as 60° for
all simulations in Fig. 1. The choice of such angle was arbitrary as we
have observed that simulations are independent of this parameter. In
fact, the orientation angle does not affect the polarimetric characteris-
tics of the resulting depolarizers since it can be understood as a rotation
of the system, and thus, the enpolarizing and depolarizing properties of
the simulated samples should be conserved.

Regarding data in Fig. 1(a)-(f), the first result we observe is that,
independently of the model parameters (py, py, and ag), the Pz parameter
always equals 1. Therefore, we cannot modify the P3 value with this
combination of diattenuators and the consequent depolarizers are al-
ways restricted to the top of the tetrahedron of the Purity Space [35]. As
a consequence of this, we cannot achieve an ideal depolarizer (diag(1,0,
0,0)) by simply varying the parameter values in the diattenuation
model. Indeed, the P; =1 plane does not contain the ideal depolarizer,
and thus all the points on such a plane necessarily exhibit de-
polarizations strictly lower than the maximum one that is, depolariza-
tion cannot be continuously increased to the ideal depolarizer value.

Secondly, we note that the values of P; and Pz channels are modified
with different values of py, py, and o, and thus, the depolarizing
response of resulting depolarizers strongly depend on these parameters.
As Pz is always equal to 1, this implies that different depolarizers
(different pixels in images in Fig. 1(a)-(f)) correspond to different spatial
positions at the plane P3=1 in the Purity Space [35]. Therefore, the
channels P; and P are suitable tools to differentiate between different
depolarizers originated by dichroic structures. Importantly, note the
close similarity in the responses of P; and P; images. In fact, they present
identical behavior for a fixed value of p (different rows), but P, presents
a vertical shift upwards as p increases (from bottom to upper row). This
situation can be explained by taking into account the inequality shown
in Eq. (2), which forces P2 to have larger (or equal) values than P;. In
turn, we also observe that larger s values (vertical axis) lead to smaller
values for P; and Py, In fact, for oy =0 we obtain P;=P,=P3=1 (yellow
color) in all the cases, and P; and Py tend to decrease their values as g
increase. This situation implies that the larger the loss of organization
for the constituent units (diattenuators) (i.e., ag increase), the larger the
depolarizing capability of the system (i.e., P; and P; decrease). Note that
this behavior is observed until a certain limit value for o4, that depends
on the p, value (different rows) but in general it occurs around 6y — 40°
both for P; and P metrics. This implies that even increasing the disorder
of polarizing units constituting samples, there is a certain limit from
which depolarizing response of samples is not modified anymore. The
existence of this limit can also be discussed in an intuitive and visual way
in terms of the Purity Space, as presented in the Supplementary material
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Fig. 1. (a)-(f) IPP values for simulated samples composed by incoherent additions of linear diattenuators. The x axis represents the mean values of p, and, the y axis
the values for 6, . The value of p, is set as a constant for each image, with values of 0.8 and 0.2, respectively for the two different rows. The value of the mean
orientation angle , is set as 60° for all cases. (g) D value for the incoherent addition of linear diattenuators with g, = 0, the x and y axis represent the p, and p,

parameters, defined in the range 0 to 1.

(Section 5).

This set of simulations can also be studied in terms of the diattenu-
ation D observable, representing the dependence of the sample trans-
mittance with the state of polarization of the incident light. The
diattenuation D can be calculated as the absolute value of the diatten-
uation vector, which can be written in terms of the first row Mueller
matrix elements in the following way [28]:

1 T
= *(mm,mnz«mm) . 7)
Moo

If we substitute in Eq. (7) the elements of the Mueller matrix corre-
spondent to a general diattenuator (Eq. (5)), the absolute value of the
diattenuation vector, D, can be expressed as [17]:

-}
EET ©
Note that the diattenuation parameter D is a significant feature of
diattenuators, taking values of D = 1 for an ideal diattenuator, and
values of D = 0 for a medium with no diattenuation.

Taking the definition of D in mind, and back again to Fig. 1(a)-(f), we
find a non-depolarizing zone (yellow color) when py=py (indicated with
a red dotted line in each image). According to Fig. 1(g) this situation
corresponds to values of D = 0 (see positive diagonal in blue), and
therefore, non polarimetric elements (thus without the capability of
enpolarize and depolarize). This condition leads to simulations based on
the incoherent addition of media represented by the identity matrix, and
as a consequence, without the potential of implementing depolarizers
(see red dotted line in Fig. 1(a)—(f)). However, for px# py, the units of the
incoherent addition present certain diattenuation (i.e., D#0) (see Fig. 1
(g)), which leads to systems with certain depolarizing response. This
depolarization response directly depends on the organization disorder
(og) (see vertical axis in Fig. 1(a)-(g)).

The dependence of the IPP with the p, and py values is easily un-
derstood by studying Fig. 1(g). The pink and the white dashed lines in
the figure, indicate the D value for p,=0.8 and py=0.2, respectively, with
py taking values from 0 to 1. Following the dashed white line in Fig. 1(p),
the value of D is maximum for p,=0 and start to decrease as py increases,
reaching the minimum for py=0.2 (i.e., px=p,). As py increases, the value
of D increases as well, reaching the D = 1 value. This behavior explains
the depolarization results obtained from Fig. 1(d) and (e), where
P;=P5=1 (non depolarizing scenarios) correspond to values of D equal
or very close to zero (i.e., corresponding to the blue diagonal in Fig. 1
(g)), whereas for the situations where D reaches its maximum of high
values, the depolarization capability of the samples increase, achieving
values of P and P; different from 1. The pink line indicates the case for
Px= 0.8. If we study the D behavior through this line, we can see that D is

equal to 1 (or near) when the values of py are in the range (0,0.3). This
corresponds with the left zone of the images where py, is in the mentioned
range and, we can see that in this case, for gy values higher than the
limit, the system depolarizes anisotropically. However, as p, increases
(D decreases) the depolarizing capability of the system is lost because
the system becomes less dichroic.

Results shown in Fig. 1(g) corresponds with the case of 6y =0. We
have also tested other values for the standard deviation of the mean
orientation of the diattenuators and results and discussion are provided
in the supplementary Material. The main conclusions are that the gen-
eral structure shown in Fig. 1(g) is maintained, but the diattenuation
values decrease with oy, reaching a limit scenario, where diattenuation
is equal to O for oy >40°. This result has sense because as larger the
deviation of #, as larger the depolarizing capability of the depolarizer
consisting of dichroic unitary elements.

Summarizing, in this subsection we have mimicked multiple de-
polarizers consisting of dichroic microscopic elements. As expected,
incoherent addition of isotropic (in terms of dichroism) units (i.e., py=py
scenario), lead to non-depolarizing samples (i.e., P;=P2=P3=1). In turn,
in the case of anisotropic elements (p# py), the resulting systems
become depolarizers, and their depolarization capability increases for
larger diattenuation D values (which depends on the py and py, relation)
of the constituent diattenuators, as well as with the units orientation
disorder oy. Importantly, the value of P3 is independent of all the model
parameters, and it maintains a constant value of Ps=1 for all the simu-
lations, and therefore, all depolarizers consisting of collections of linear
diattenuators are placed into a specific plane of the Purity Space [35].

3.2. Depolarizers originated by the incoherent addition of linear retarders

The second study considers depolarizers consisting of microscopic
unit elements presenting linear retardance. We proceed in analogy to the
previous study corresponding to diattenuation, building in this case
models consisting in the incoherent sum of sets of retarders as a function
of their retardation and orientation. In Ref. [36] it is shown how the
incoherent addition of linear retarders can also be performed analyti-
cally. We show the Mueller matrix for a linear retarder oriented at 0°
[28]:

10 0 0
01 0 0

M = 0 0 cos¢p sing 0<g<a ®
0 0 —sing cosg

where, ¢ is the phase shift introduced to the orthogonal components of
the incident light field. As in the previous case, to make simulations
more realistic, we consider an ensemble of retarders oriented at different
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angles, according to the relation M = My, ( — 0)MigM, (). For the
incoherent sum of Mueller matrices of retarders, we consider a mean
orientation (@) for the retarders with a standard deviation (sy) following
a probabilistic Gaussian distribution. In addition, we vary the retardance
value ¢ from 0 to 360° and with a null variance. As in the previous case,
the obtained simulations (which are functions of ¢ and &) are inter-
preted in terms of the Py, Py, Py metrics.

In Fig. 2 we present the three IPP metrics corresponding to the
simulations with linear retarders. The x axis represents the mean values
of retardance ¢, taking values from 0° to 360°, whereas the y axis rep-
resents the variance range from the mean orientation value, 6y, which
can take values from 0" to 180°. For each of the possible values of ¢ we
build the M corresponding to the incoherent sum of n = 1500 Mueller
matrices where each of them has a value of orientation with a variance
given by a Gaussian distribution. This process is repeated for the possible
values of ¢ and oy, both can take 300 different values within their
respective ranges, this leads to 300x300 (90,000) Mueller matrices
representing different depolarizers based on retarders. Afterwards, we
calculate the IPP values of these matrices according to the calculus given
Section 2. As in the previous case, depolarization response of the
simulated systems is independent of the mean orientation of the re-
tarders, as system rotations do not represent changes in its physical
properties. Therefore, the mean orientation of the unit retarders is
arbitrarily set to #= 60° in conducted simulations.

In Fig. 2 the values of P; and P, vary from 0 to 1 depending on the
combination of (sy, ¢), whereas P3 is always 1. Therefore, as it happened
in the case of systems consisting of dichroic elements, systems based on
linear retarders are not able to decrease the value for Ps. In terms of
Purity Space, different depolarizers consisting of linear retarders are
distributed as well within the plane P3=1. As already discussed in the
diattenuation section, due to this restriction of Ps=1 in the retardance
case we cannot achieve an ideal depolarizer (diag(1,0,0,0)) by simply
varying the parameter values in the retardance model, as it is not con-
tained in such a plane,

Unlike the previous case, where P; and Pz showed a very similar
behavior (just modified by a vertical shift), in the case of linear retarder
based systems, the P; shows one minimum valley instead of the two
shown by the Pz channel (i.e. the P; distribution between ¢ [0-360°]
range occurs as well for the P; channel, but in the ¢ [0-180°] range, and
itis doubled in the ¢ [0-360°] range). Obviously, according to inequality
shown in Eq. (2), the vertical shift in P; with respect P; is also present. In
detail, for retardances ¢ lower than 40° and higher than 320° the
simulated samples become non depolarizing (yellow color) indepen-
dently of the a4 value, having P;=P,=P5=1. This is because for values of
retardance ¢ close to 0° and 360°, Eq. (2) becomes the identity, and
therefore, the resulting systems loss their depolarizing capability.
Interestingly, as we go far from such values, retardance behavior be-
comes significant and the resulting systems become depolarizers (going
gradually from yellow to blue in Fig. 2(a) and (b)). In particular,
depolarizing behavior of systems is achieved for values of ¢ in the range

a) Py b)
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(40°-320"). Within this scenario, the orientation disorder of the re-
tarders units (given by the parameter ;) becomes significant, and de-
polarization is observed for o values larger than 20° P; taking values
from 0.9 to 0 and P from 1 to 0.

In analogy to diattenuators, it seems that there is a limit value of ay,
above which depolarization does not increase. For the case of retarders,
such limit value is around 20° (see more details in Section 5 of the
supplementary text).

Note that, for values of ¢ close to 180°, P; becomes 0 and P; is equal
to 1. In this case, the Eq. (9) becomes diag(1,1,-1,-1), and therefore,
only Py is able to differentiate between this case and the above-discussed
identity matrix scenario (¢=0° or 360°). Accordingly, this difference
between P; and Pz can be useful to distinguish between different de-
polarizers consisting of linear retarders with different retardance ¢
values. For example, a retardance value of $=90° leads to P; and P;
values close to zero, a value of ¢y =180° to P;=0 and P»=1 and a value of
$=0° or 360° to P;=1 and Py=1.

Finally, as a complementary material, in the supplementary text
(Fig. $3) we provide the results for further simulated scenarios for the
linear retarders case, for instance by adding a variance o, (based on a
Gaussian probability) to the mean retardance ¢. Note that even though
different simulations lead to different values for P; and P; channels, in
all the cases, the value of P3 remains always constant to P3=1.

Summarizing, the simulations shown in this subsection further re-
inforces the idea that depolarizing systems originated by diattenuators
or linear retarders microscopic units, are always placed at the top plane
(P3=1 plane) of the tetrahedron of the Purity space. We also observe that
P; and P parameters strongly depend on the model parameters: atten-
uations (py, py), retardance (¢) and the variance of the arientation (a,),
as well as the diattenuation D. These two metrics can be useful to reveal
underlying properties of the systems, as if their main constituents are
based on diattenuators, linear retarders, or a mix of them. Therefore,
they can be used to discriminate between depolarizers based on different
linear retarders configurations, or even to differentiate between de-
polarizers based on dichroic or on linear retarder constituent elements,
Under this scenario, a question arises. Which kind of structures are able
to decrease the Py parameter? This situation is explored in the following
section.

4. Depolarizing systems with P3<1

In practical situations, it is common to find depolarizing systems
(both organic and inorganic) with values of P; smaller than one, even
achieving very low values (close to zero). For instance, in plant and
animal tissue we can find P5 values ranging from 0 to 1 in different
structures [24,37]. Note that some of these samples indeed consist of
anisotropic elementary components (for instance, animal tissues are
mainly based on collagen fibers [38], which can be described by re-
tarders, or vegetal samples are rich in dichroic units [39,40], which can
be described by diattenuators).

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 3500 50 100 150 200 250 300 350 o

(%)

() #(%)

Fig. 2. IPP values for simulated samples composed by linear retarders; (a) P;, (b} Pz and, (¢) Ps, where x axis represents the mean values of ¢ simulated and, the v

axis the variance range values from the from the mean orientation 6= 60",
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Recalling the results of previous Section 3, we realize that aniso-
tropic constituent elements in samples cannot explain why all those real
samples led to values of P3<1, and therefore, it may exist another
depolarizing mechanism to be considered.

Under this scenario, this section focuses on finding a physical
mechanism able to describe the depolarizing behavior of real samples
with P3 < 1. We want to note that there are different mechanisms leading
to P3< 1, but we only focus on those that seem more adequate to explain
the depolarizing behavior of most real samples. Some uncommen exotic
mechanisms leading to Pz<1 (some of them even not representing
physical systems) are provided in Section 2.1 of the supplementary
document.

In this section we introduce a new group of simulations that lead to
P;<1. Asin previous Section 3, they consist of an incoherent addition of
a number of M representing basic systems (linear retarders and dia-
ttenuators), but now, we add an extra term in the summation, this being
the Mueller matrix of a perfect depolarizer with a certain weight ().

The addition of this term in the simulations is inspired on the char-
acteristic decomposition. As can be seen in Eq. (3), this decomposition
describes a general matrix M as the addition of four terms, where each
one of them is weighted by a linear combination of the IPP. The first
term carries the fully polarized contribution of the system. The second
and third terms, represent the depolarizing contribution of 2D and 3D
systems [17]. Finally, the last term depends on a perfect depolarizing
medium (diag(1,0,0,0), which completely depolarizes any incident
polarization state of light independently of its initial polarization state.
Interestingly, the IPP corresponding to a perfect depolarizer are
P;=P5=P3=0, and thus, such systems have the capability of decreasing
the P channel [41].

For these reasons, we realize that the addition of a perfect depolar-
izer contribution to the simulations described in previous Section 3 may
lead to a decrease of the Py value. Therefore, in the new set of simula-
tions, we add an additional term representing a perfect depolarizing
Mueller matrix with a certain weight that can be controlled. In partic-
ular, this new system can be written as the incoherent addition of a first
term describing the contribution to depolarization originated by aniso-
tropic (linear retarders, diattenuators) constituent elements (and ob-
tained as described in Eq. (4)), with a second term, M, representing the
perfect depolarizing or isotropic contribution. The resulting M can be
written as follows:

M =mooM =) a(moM) 1Y oMo, ):
¥ i
(10)

g, i = 0; ia; b i:{%: 1.
i=1 i=1

where, n' | m = n. Note that as in Section 3, n gives the total number of
terms in the summation (we set n = 1500 once again). Since the Mjg,is
the Mueller matrix of a perfect depolarizer (diag(1,0,0,07) the second
term can be written as:

Z .af (m[m-'i:'jm;) = ﬁ”ﬂmxﬁ..u- (11)
where, § = “}" B;. Therefore, the Eq. (10) can be expressed as:
M -‘?I(xuif Z o; (mtwq:fr') _ﬁ”htu";fz.mv (12)

The first term, E;’u;(numfdi), represents the effects of depolarizing
systems already described in Section 3, that is, depolarizing systems
originated by component elements showing retardance or dichroism,
and leading to P3=1. In turn, the new added term, pmuuﬁfw, corresponds
to depolarizing systems that fully depolarize light, independently of the
input state of polarization of the illumination, and leading to P3=0. In
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addition, as discussed before, the depolarization introduced by the
ﬂmmﬁ 5o term cannot relate to systems based on anisotropic constituent
elements (retarders, diattenuators, mix of them etc.) and thus, it must be
connected with isotropic processes introducing polarimetric random-
ness, as it is the case of isotropic scattering. For this reason, from now on,
let us call the first term of Eq. (12) as the anisotropic depolarization
term, and the second term as the {sotropic depolarization term.

The relation between P3 and the new added term in the simulation is
studied by a set of simulations. By following such Fq. (12), as in previous
Section 3, we have access to different control parameters (orientations,
retardances, absorption coefficients, deviations, etc.) involved in the
anisotropic term, but now, we also control the isotropic component
relevance through the weight of the parameter . We conducted a full
space of simulations by repeating the cases analyzed in previous Section
3, but now, by adding the effect of the isotropic term. For the sake of
simplicity, in the following we only show and discuss simulations cor-
responding to a particular case, the incoherent addition of linear dia-
ttenuators (Section 3.1) but generalized by the isotropic term. Further
simulations results (retarders, combination of linear diattenuators and
retarders, etc.) generalized with the isotropic term, can be found in the
supplementary text (see Fig. $6), but main conelusions are analoegous for
all these cases.

Simulated results corresponding to the case of linear diattenuator
systems (anisotropic term) incoherently added with the isotropic term
are shown in Fig. 3. Results are given in terms of the Pz metric, Py and P5
have the same dependence with the anisotropic term parameters as in
the previous section. As the value of # increases (i.e. Py decreases), the
value of P; and Pz also decrease (see Fq. (2)) but maintaining the
dependence with the anisotropic parameters. To implement the corre-
sponding simulations, the control parameters associated to the aniso-
tropic term were set as: absorption coefficient in the x direction, py, set
to 1, mean orientation of linear diattenuators, @, set to 60°, absorption
coefficient in the y direction, py, taking values from 0 to 1 (values of x
axis) and, orientation deviation from mean value, oy, taking values from
0° to 180° (values of y axis). In addition, from I'ig. 3(a) to (e) the weight
of the isotropic term, § (see Fq.(12)), increases in steps of 0.2 from /i
=0topf 1.

In Fig. 3 we see that, as expected, the P; metric does not depend on
the control parameters of the anisotropic term, i.e., all the images in
Fig. 3 show a homogeneous color (i.e., present the same value for Pj),
because P3 values are independent of x and y axes values. This situation
occurs independently of the anisotropic term control parameters chosen
for x and y axes and the elements conforming this term (see Sections 2.2
and 6 of the supplementary material). Unlike this, the values of the
isotropic weight, f, control the values of the P; Purity parameter (see
Fig. 3(a)=(e)). In particular, as larger the # value as shorter the P3 (note
the colorbar in Fig. 3). For the sake of clarity, we also provide Fig. 3(d)
where we directly represent the relation between p and Ps, where we
note an inverse linear relation between these two parameters. We want
to note that the values for the p, and o4 selected for the simulations are
arbitrary and we could set other values within the range of the param-
eters: p, [0,1] and ¢, [0,180]. Nevertheless, the main conclusions would
remain the same. According to FEq. (12), results in Fig. 3(d) have been
obtained from a Mueller matrix composed by an anisotropic part
(incoherent addition of diattenuators) and the isotropic part (diag
(1,0,0,0)). To cover all the possible range of P3 values, we conduct
simulations with § from 0 to 1. This situation confirms that the amount
of isotropic scattering in samples is described by the P metric and is
directly related to the weight of the isotropic term in Eq. (12). Moreover,
since I;‘.‘i’-j = M, by comparing Eq. (12) with the characteristic
decomposition (Eq. (3)) we can find the following relation:

ﬁmm;,ﬁ,l‘.(, =1 P:_)(mm.’.‘:f}_\,) (13)

and thus, p = 1- P; (note that this result is in agreement with previous
Fig. 3(d)). In this way, we find the relation between the weight of the
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isotropic contribution, #, with P3. Moreover, considering the relation
between ¢; and f weights in Eq. (10), together with = 1- P3, we obtain:

l:im+ﬁ:§n:a,~+(l—P;)—»Xn:a;:&. 14
i=1 i=1 i=l

By taking into account these results, we can reformulate the weights
of the two terms in Eq. (12) just as a function of P3 To this aim, we define

a normalized Mueller matrix Myin the following way:
" ~ - 1 &
ZH,M,—:P;MA—vMA =7 ZH,M(. (15)

This relation allows us to re-write Eq. (12) as:

M = PymooM,, + (1—P3) (M), (16)

where, My is defined by Eq. (15) and M; = My,. Note that considering
the equivalence of Eqs. (16) and (12), the first term, mooM,, is the
anisotropic term; and the second term, mggﬂg, is the isotropic term, and
their significance in the incoherent addition is controlled by the Purity
term Pj.

Under this scenario, we can say that P3 controls the depolarizing
origin of samples. When P3=1 the isotropic term is zero (no isotropic
depolarization is present), and thus, all the depolarization behavior of
samples is given by the anisotropic term, hence, depolarization is orig-
inated by the intrinsic polarimetric anisotropies of the sample. In
contrast, for P3=0, the anisotropic term is cancelled and polarimetric
anisotropies of constituent elements do not contribute to the depola-
rizing behavior. In such a case, all depolarization is due to the isotropic
term, and corresponding samples behave as perfect depolarizers, origi-
nated by processes such as isotropic scattering. In the regime 0<P3<1
both depolarizing origins (isotropic and anisotropic) coexist, and the
predominant effect is set by the value of P3.

In addition, recalling the discussion provided in Section 3, the Purity
terms P; and P, complement the information of P, as they are able to
provide further information about intrinsic characteristics of depola-
rizing samples based on anisotropic component elements (anisotropic
term). In particular, they can estimate if anisotropic depolarization is
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Fig. 3. P; values for the simulated
samples composed by the incoherent

1 addition of linear diattenuators and a

0.9 pure depolarizing component with
0.8 different weights: p=0.4 (a), p=0.6 (b)
0.7 and p=0.8 (c). The x axis represents the
0.6 mean value of py (where p,=1) and the
05 Y axis the variance range values of the
orientation (cg) from 0° to 180°. (d)
Relation between p and P; obtained
from a Mueller matrix with isotropic
and anisotropic component, the weight
of each component is given by the p
0 wvalue and the parameters that control
the anisotropic term are set as py=1,
03=45" and py varies in the range [0,1].

0.4
0.3
0.2

Py

related to constituent elements showing retardance and/or dichroism
and anisotropic scattering produced by these elements. Therefore, the
larger the value of P3, the more relevant become P; and P2 metrics. In
this vein, is interesting to note the particular case where Ps=P,=P;. In
this case, if we study the terms in the characteristic decomposition Eq.
(3) the two terms corresponding to the M representing the anisotropic
information of the sample disappear. Therefore, this particular case
represents a sample where the depolarization is due only to isotropic
processes and the parts of the sample representing M4 only contribute to
the non-depolarizing term.

Summarizing, in this section we have demonstrated that the depo-
larizing response of samples can be categorized in two subgroups: (1)
those originated by isotropic processes; and (2) those originated by
anisotropic processes. These two origins can be produced simulta-
neously in samples, but their significance can be studied in terms of the
Indices of Polarimetric Purity (P;, P2 and P3 metrics). On the one hand,
the P; metric gives a measure of the presence of depolarization behavior
originated by isotropic processes. On the other hand, by considering
results provided in Section 3, the metrics P; and P2 complete this in-
formation by describing characteristics of anisotropic origin of depo-
larization (as dichroism, retardance, or a mixture of them). Moreover,
the difference between the IPP (Ps-P; and P3-Ps) gives information about
the amount of anisotropic depolarization: more difference between the
IPP implies more anisotropic depolarization, representing only isotropic
depolarization processes when such difference is zero (i.e., P;=P;=P3
case). More insight in this topic can be obtained by studying how a
particular depolarizer depolarizes the fully polarized states of polari-
zation at the surface of the Poincaré Sphere and study this situation in
terms of IPP [17,42]. A brief discussion in this regard is also provided in
Supplementary material.

Note that this is a fundamental result providing which phenomenon
originates and/or dominates sample depolarization. In this vein, the
association of physical mechanisms leading to depolarization with
particular values of IPP provides further description, categorization, and
recognition of depolarizing systems, these being very common in both
biologic and synthetic materials [6,13,23-25,43,44]. More importantly,
this intrinsic microscopic information of samples can be obtained from
very feasible macroscopic measurements (measure of Mueller matrix
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image).
5. Experimental results

In this section we present simple experiments based on basic polar-
imetric elements to validate the simulations and conclusions described
in Sections 3 and 4. To do so, we obtain the experimental Mueller matrix
resulting from the incoherent addition of experimental Mueller matrices
of representative polarimetric elements. From these obtained M, we can
calculate the corresponding IPP values and compare them with the re-
sults corresponding to the stated simulations. On the one hand, in Sec-
tion 5.1 we present two experimental scenarios corresponding to the
P3=1 case (one of them based on dichroic systems and the other based
on retarders), and thus, representing anisotropic depolarizing systems to
be compared with simulations in Section 3. On the other hand, in Sec-
tion 5.2, the experimental M of different scattering media are measured
to mimic the P3< I scenario, i.e., the isotropic depolarizing performance
of systems, and thus, to be compared with simulations in Section 4. To
measure the experimental M of the samples of interest, we use an image
Mueller polarimeter [45] described in Section 3 of the supplementary
document. In this way, we can compare the experimental and simulated
values of the IPP in each case analyzed.

5.1. Experimental results for the P3 =1 case

In this section we mimic simulated scenarios described in Section 3,
representing anisotropic depolarizing systems.

In the first experiment, we measured the Mueller matrix image of a
radial polarizer (from Codixx), which consists of an element including
12 different spatial sectors presenting each a linear polarizer with a
different orientation (see Fig. 4(a)). Under this scenario, each pixel of
the M image can be understood as a linear polarizer whose orientation is
that of the corresponding spatial sector. Afterwards, we set a Region Of
Interest (ROI) centered at the intersection of all the sectors (see blue
square in Fig. 4(a)), which include 344x471 pixels, including all the 12
linear polarizer orientations. Finally, the Mueller matrices of all the
pixels within this ROI are added, this mimicking the incoherent addition
of linear polarizers with different orientations simulated in 3.1 (i.e., the
M of each pixel is one of the M; in Eq. (4)). This element can be
considered as a diattenuator with large p, value (we can consider it
almost as 1) and low p, value (we can consider it almost as zero). The
orientation angle varies between 0 and 2x through the different sectors.
The region selected for the calculations is centered and includes all the
polarizer sectors, having therefore a 2rn variation of the orientation
angle.

The second experiment consist of measuring the Mueller matrix of a

Fig. 4. (a) Radial polarizer illuminated with linear polarization (45), where
each of the sectors indicates a different linear polarizer orientation (between
0 and 2x); each color in the polarizer sector represents a change in orientation
of 30° with respect the previous sector. (b) Q-plate image; linear retarder (phase
n for 633 nm of illumination) with different orientations, between 0 and 2z
represented by the color change in the Figure. In both cases, to see intensity
variations associated with different orientations the elements are sandwiched
between two crossed polarizers.
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liquid crystal q-plate (model WPV10-633 from Thorlabs). This element
is a patterned liquid crystal plate that can be understood as a linear
retarder with a fixed retardance which depends on the illuminating
wavelength (ideally of 7 radians for the wavelength of 633 nm) and
whose neutral axes orientation changes with the spatial position,
achieving orientations between 0 and 2r [45] (see Fig. 4(b)). Once
again, the M image is calculated, and all the Mueller matrices for the
pixels within a ROI with 344x 471 pixels (see red rectangle in Fig. 4(b))
are added. Note that this process mimics the scenario discussed in Sec-
tion 3.2, where different linear retarders with different orientations are
incoherently added. Once again, the Mueller matrices within a set ROI
(see Fig. 4) are added to construct the incoherent addition of different
linear retarders. Therefore, with the q-plate case, by adding the Mueller
matrices of the different ROI pixels, we are obtaining the M; terms in the
incoherent addition of a linear retarder with different orientations.

In Table 1 we present the IPP results for the above-stated radial
polarizer and g-plate experiments. The results provided correspond to
the Mueller matrices obtained with illumination at 660 nm wavelength.
The samples were measured at different wavelengths giving results in
agreement (with the simulated samples) with the presented here. Note
that by computing the IPP of the M obtained by performing the inco-
herent addition of the pixels in both the radial polarizer and the g-plate
we obtain values in agreement with the simulations in Section 3, where
anisotropic depolarizing (Ps=1) systems were analyzed. In both cases,
we obtain depolarizing systems, since P; and Py have values lower than
one. However, as expected, the value of P3 is one for both samples. These
results are consistent with the discussion provided in Section 3, where
we demonstrated that depolarization originated by unitary elements
with polarizing features (dichroism or birefringence; related to physical
anisotropies), are reflected on P; and P, channels, but P; was equal to 1
in all the cases (anisotropic depolarization). Moreover, we can consider
the radial polarizer as a diattenuator with high p, and low p, values,
leading to low values for P; and high values for P,. For the g-plate, since
the retardance is almost 180° for the illumination wavelength, we also
expect a low value for the P; parameter and a high value for Ps. In
addition, we want to note that we chose different regions (in size and
position) for the calculations, where different regions can imply
different orientation variations. These results were in accordance with
the presented here, also obtaining values of P3 equal to 1. In turn, as
discussed in Section 4, scattering processes lead to isotropic depolari-
zation, and a signature in Pz channel with values lower than 1. This
situation is experimentally validated in the following subsection.

5.2. Experimental results for the P3 <1 case

In this section we provide experimental evidence of the P3< I case, 1.
e., samples showing isotropic depolarization. These experimental sce-
narios are based on isotropic scattering processes and validate the sim-
ulations performed in Section 4. To this aim, we chose samples
composed by elements producing isotropic scattering processes, and
thus, that present some contribution of the M=diag(1,0,0,0) type.

The first sample is a diffuse reflector (Diffuser DG10-220-P01, from
Thorlabs) consisting in a N-BK7 substrate with a with a rough surface
coated with a silver thin film. This roughness diffuses light in all di-
rections and acts as a source with a high degree of isotropic depolari-
zation, as we will show next. For the second sample we chose standard
white paper, which is composed by sheets of a mat of random

Table 1

IPP results of the experimentally measured samples representing the incoherent
addition of linear polarizers with different orientations and the incoherent
addition of linear retarders with different orientations.

Py Py P3
Radial polarizer 0.163 0.876 1
Q plate 0.288 0.727 1
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interwoven cellulose fibers with different orientations. This randomness
in the paper composition makes it another possible source of isotropic
scattering.

In Table 2 we present the resulting IPP from the experimental
Mueller matrix images corresponding to the above-mentioned samples.
The results correspond to the M obtained with an illumination beam
perpendicular to the surface of the samples, at 1500 nm for the silver
diffuse reflector surface and 660 nm for the white paper, and they were
measured by the Mueller matrix polarimeter described in the supple-
mentary information. In this case, to compute the IPP values of these
samples we chose a ROI centered in the image and calculate the mean
value and standard deviation corresponding to each IPP. For the diffuser
the ROI was 70x70 pixels and in the case of the white paper it was a 150
x 150-pixel ROL

As expected, the value of Pz is different from one in both cases,
showing the isotropic nature of the depolarization produced by these
samples. Therefore, the composition of the samples makes isotropic
scattering the predominant process in their light interaction. In the case
of the silver diffuse reflector the value achieved for Py is 0.200 and,
0.294 for the white paper. Recalling the inequality related to IPP (see
Eq. (2)), values for P; and P, are restricted to be equal or lower than
0.200 and, 0.294, for the two samples respectively. However, due to the
fact that P is not exactly equal to zero, still there is some non-zero
values for Py and Py, This situation shows that even though isotropic
depolarization is the predominant depolarizing mechanism in these
samples, still there is some anisotropic depolarization present. The
origin of these anisotropic depolarization must be related with the
polarizing properties of the constituent elements. In the case of the white
paper, this anisotropic scattering is due to the retardance properties
present in the cellulose fibers [39,46]. For the silver diffuse reflector, it
can be due to the non ideality of the fabrication process and some
intrinsic polarimetric characteristic of the component elements. As for
instance, the protection coating (silver) can present dichroic behavior.
These intrinsic characteristics of the samples can explain the presence of
anisotropic scattering.

Moreover, if we inspect the differences between the IPP values we
find that these values are different to zero, that is it (P -P3) and (P —P3)
achieve values larger than zero for both samples. Taking into account
the expression of the characteristic decomposition (Eq. (3)) we can see
that the weight of all the terms is different from zero. These weights
represent the amount of anisotropic scattering present in the sample
(being zero for the case of P3—P2—P;). These results are in concordance
with conclusions of Section 4.

In conclusion, with these experimental results we show the concor-
dance of our study of the IPP by means of the simulations of the previous
sections. With the experimental results obtained by the measurement of
the Mueller matrix of different polarimetric elements we prove the
validity of our interpretation of the IPP parameters to characterize the
polarization and depolarization response of the sample.

6. Conclusions

In this manuscript we provided the usefulness of the Indices of
Polarimetric Purity (IPP) to study depolarizing samples. Previous studies
have already shown that the IPP are ideal metrics to be used for the
enhanced visualization of structures, as in the case of biological samples.
In this manuscript, we focused on the physical interpretation of the IPP,
which, in turn, gives physical information about the samples themselves,

Table 2
Mean values and standard deviation of the samples comprised by an isotropic
and anisolropic term.

Pi tom Pyt op Ps £ o0
Silver diffuse reflector 0.05 +0.02 0.11 +0.03 0.20 +0.04
White paper 0.05 £0.02 0.14 £0.04 0.29 +0.07
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and in particular, about the intrinsic mechanisms giving rise to depo-
larization. In this sense, we propose for the first time the concept of
isotropic and anisotropic depolarization, as distinct depolarizing origins
that can take place simultaneously or separately in samples, and their
connection with IPP values. This thorough information of the physical
origin of depolarizers is directly obtained from IPP values associated to
samples and can be applied in multiple scenarios when dealing with
depolarizing samples.

The study is based on a series of simulations in Sections 3 and 4 that
help to connect the magnitudes of IPP with different scattering sources
in light-matter interaction processes. The simulations are based on the
incoherent addition of Mueller matrices representing elemental polari-
metric samples and give rise to different simulated depolarizers. The
physical interpretation of results was also conducted in terms of the
characteristic decomposition, which decompose a general Mueller ma-
trix as the addition of four different Mueller matrices (with clear phys-
ical interpretation) whose weights are given by combinations of IPP.

Results show that the index Pj3 is related with isotropic depolariza-
tion, where input light is fully depolarized independently of its polari-
zation. These systems represent samples associated with scattering
processes, which may be originated by a wide range of physical pro-
cesses based on diffuse reflections. In fact, isotropic depolarization is a
multiple scattering process where the polarimetric signature is lost
(independently of the input polarization, the exiting beam is fully
depolarized). This process only connects with the P3 value.

In turn, we also show that P; and P, metrics give measure of the
anisotropic depolarization processes. Simulations provide that this de-
polarization is originated by light-matter interactions with anisotropic
basic elements (dichroic and/or birefringent) with different orientations
or physical magnitudes (transmittances, retardance, etc.). Anisotropic
depolarizing media differently affects an input light beam as a function
of their state of polarization. Simulations have been experimentally
validated by conducting different simple experiments where different
polarimetric samples, mimicking the simulated scenarios, where
measured and analyzed in terms of IPP. Furthermore, by inspecting the
characteristic decomposition (Eq. (3)) and the results of our work we can
relate the Py and Py changes with the polarimetric component units of a
sample which are encoded in the Mjg, M; and M3 matrices of the stated
characteristic decomposition. Note that these three matrices have
physical interpretation as stated in the description of above-presented
Eq. (3).

In conclusion, by studying the IPP magnitudes associated to a sam-
ple, we reveal the physical origins that give rise to depolarization:
scattering processes, anisotropic elements or a mix of them. Note that
provided results are of crucial importance because they allow us to link
depolarization measures at macroscopic scale, with microscopic prop-
erties of samples, and with a non-invasive and non-destructive tech-
nique (polarimetry).

The present manuseript can be useful for a wide range of applica-
tions, where depolarizing samples are involved. In this sense, we put
special focus on applications in biophotenics, as organic (vegetal and
animal) tissues strongly depolarize incident light. In this regard,
different authors have analyzed biological tissues in terms of the IPP. For
instance, in Ref. [13] we can see how by means of the IPP channels
unwrap new information which was hidden by using other polarimetric
channels in different biological samples such as the nutritious channels
in an ex-vivo rabbit leg and capillaries of the papillary muscles of an
ex-vivo lamb heart. Also, the different IPP response of samples is highly
useful for biological tissue discrimination [25,26], which can be
different structures (Ref. [26]) or discrimination between healthy or
pathological tissue (Ref. [25]). In all these cases, the information given
by IPP relate to methods and discussions presented in the current
manuscript.

Therefore, the use of IPP as a tool to study tissues could give relevant
information of the interaction of incident light with inherent polari-
metric elements in tissues (for instance, different types of collagen,
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identified as birefringent elements, or different structures in vegetal
samples, identified as dichroic [38]). Under this scenario, for each
studied sample, we can evaluate the relevance of diffuse reflections
and/or polarizing elements in final depolarizing measures, or more
importantly, the spatial depolarizing heterogeneity in such samples, this
being applicable to the study of pathological tissues (which modifies
internal polarizing properties, organization, etc.).
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ARTICLE INFO ABSTRACT

Keywords: We propose an imaging method to enhance and reveal structures within samples by using a polarization-based
Polarimetry filter. This filter removes the isotropic content while amplifying the anisotropic component of depolarization.
Depolarization

Whereas isotropic depolarization leads to a complete loss of polarimetric information, the anisotropic one

Indices of polarimetric purity is connected with intrinsic characteristics of samples. The filter has the capability to diminish the isotropic
f;:an;ienx:cme depolarization of samples, revealing their inherent information. As representative cases, we analyze the effect
of the filter in heart and brain sections of animal origin. Results highlight the outstanding performance of
the filter. In heart, myocardial and subendocardial structures are better visualized, whereas in the brain, fiber
tracts are identified. These proves the significance of this filter in the medical field, paving the way to the early
detection of pathologies. The methodologies here presented could be applied in a wide range of applications,
providing a significant advance in polarization imaging where high isotropic depolarization response is present,

this being a common scenario in nature.
1. Introduction properties of materials in biomedical applications. Biological tissues
are collagen rich structures, and collagen fibers are birefringent ma-
Polarimetric based methods are a powerful tool in a wide number  terials so retardance has arisen as an interesting tool to investigate
of applications, as for instance in astronomy [1], remote sensing [2], different samples and pathologies, both through macroscopic or micro-
environment [3], automated guided vehicles [4], botanical applica-  scopic polarimetric techniques [18-23]. In this sense, collagen density

tions [5,6], biomedical applications [7,8], among others. In the case of  and fibrillar collagen orientation determine, respectively, the magni-
biomedical applications, polarimetric imaging and polarimetric based

sample recognition are nowadays being used to study diverse human
pathologies [8-10]. There are three main polarimetric properties that
could be useful when studying samples: dichroism, retardance and
depolarization. Depending on the nature and polarimetric features of
the tissue to be inspected, one of these properties, or several, can
store information about the sample after light-matter interactions. If
the tissue presents a spatially heterogeneous polarimetric response,
image contrast between structures can be highly improved through

tude, orientation and alignment of birefringence in biological tissues.
Therefore, the amount, distribution, fiber orientation and alignment
of fibrillar collagen are important factors underlying the properties of
tissues, playing an important role in many diseases. For instance, the
connection between collagen organization and birefringent properties
has been used for the detection and progression study of different
types of cancer [24,25]. Also nerve fibers and some proteins have an
important birefringent response [26]. In addition, although the depolar-
polarimetric methods [11-15], this being of interest for imaging ap- ization feature of samples was initially understood as a characteristic
plications [12-15], as well as for tissues or pathologies automatic with little value in biomedical applications (it was regarded as noise
recognition [16,17]. Let us review the interest of these three main to be minimized by some users), recent works have demonstrated

* Corresponding author.
E-mail address: monica.canabal@uab.cat (M. Canabal-Carbia).

https://doi.org/10.1016/j.optlastec.2025.112956

Received 24 July 2024; Received in revised form 31 March 2025; Accepted 8 April 2025

Available online 23 April 2025

0030-3992/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



M. Canabal-Carbia et al

that depolarizing channel encodes rich information of samples, as it
is related with inherent features, as constituent units disorder, density,
physical characteristics, etc. In this vein, due to the stronger scattering
effects and organization changes on most tissues related to pathological
processes, depolarization is a key method for the study and characteri-
zation of diverse human pathologies [8,9,27-29]. For instance, changes
in cellular concentration of tissues related to pre-cancer to cancer
progression can be studied by means of depolarization variations [29];
also the variation of anisotropy levels and orientation disorder are
directly related to heart pathologies such as infarction [27], cancer
stages in different tissues as ex-vivo human colon, skin, cervix and
laryngeal cancer [9,28,29]. Therefore, anisotropic properties of samples
can be related to different pathological stages. In this regard, the use
of depolarizing metrics derived from the experimental Mueller matrix
of the studied samples have demonstrated their interest in such ap-
plications. In turn, although observables related to samples dichroism,
as diattenuation or polarizance [30], are not commoenly used in terms
of biomedical samples imaging, due to the weak dichroic response of
biological tissues [31], they have demonstrated to be helpful for tissues
classification [16,32] and, in the case of diattenuation this polarimetric
feature has recently demonstrated its good performance in the study of
brain tractography [33]. Moreover, they have proved a high interest
for the study of plant samples, helping in the detection of chloroplasts
and related organelles in plant species [34].

In this context, we recently published a study showing that de-
polarizing properties of samples can have two main origins: isotropic
and anisotropic depolarization [35]. In this scenario, biological samples
may exhibit anisotropic depolarization, isotropic depolarization, or a
mixture of both [33].

In this work, we show that in those samples where isotropic depolar-
ization is a predominant effect, the anisotropic depolarization part may
be present but hidden, this contribution being much more valuable in
terms of image visualization and contrast enhancement. The discussion
is conducted considering some metrics suitable for the description of
depolarizing samples, which have already demonstrated their interest
regarding tissue imaging: the indices of polarimetric purity (IPP) [8,
11,12,14]. Once this idea is set, we use this concept to implement
an imaging filter with a clear physical interpretation and very simple
implementation. Such filter is based on removing the influence of one
the IPP in the response of the sample. The interest of this new filter is
tested on different biological samples, showing outstanding results in
terms of sample visualization, and improving actual state-of-the-art.

Finally, we want to note that the methods provided in this work
are general and could be useful not only in biomedical applications, as
motivated in this work, but in all those applications where polarization
methods have already proved their interest in imaging or classification
applications, as those stated at the beginning of this introduction.

The present manuscript is organized as follows. [n Section 2, we
present a brief summary of the isotropic and anisotropic depolarization
concepts, the mathematical background related to the filter implemen-
tation in the Mueller matrix and the impact on some polarimetric
observables after the isotropic filtering. Section 3 provides the descrip-
tion of the two biological samples (transverse section of an ex-vivo lamb
heart and a coronal section across the frontal lobe of an ex-vive cattle
brain sample) inspected in this work as well as their interest in the
biomedical field (Section 3.1). The experimental results of the samples
once the filter has been applied are shown in Sections 3.2 and 3.3. To
conclude, in Section 4 we provide the main conclusions of the work.

2. Isotropic depolarization filter (IDF): Mathematical background

In this section, we present the mathematical background detailing a
new tool for image processing based on polarization with high potential
for vision applications, being specially suitable in samples showing
depolarization, which is applicable to a large number of real scenarios.
Specifically, we present a new concept for image polarimetric filtering
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which is applied to the experimental Mueller matrix images of samples,
and exploits the fact that depolarizing samples may present isotropic
and/or anisotropic depolarization.

As discussed in Ref. [35], depolarization associated with a given
uniformity in polarimetric properties is called anisotropic depolariza-
tion, while isotropic depolarization is caused by other effects that
randomize the polarization state of light, such multiple scattering, but
are unrelated to the polarimetric properties of the sample.

In real samples, both isotropic and anisotropic depolarization usu-
ally occur simultaneously. The effect of isotropic depolarization is to
reduce the contrast of images because it affects all elements of the
Mueller matrix (M) in the same way. On the other hand, anisotropic
depolarization affects the elements of M differently and can therefore
contribute to the improvement of the contrast in polarimetric images.
Therefore, anisotropic depolarization seems to be more interesting for
practical applications in polarimetric imaging than isotropic depolar-
ization, and it is therefore interesting to find a way to separate their
respective effects. In the following, we propose a methed to filter out
the isotropic content of the depolarization, which leads to a signifi-
cant improvement in the visualization of sample structures, surpassing
not only standard intensity images, but also current state-of-the-art
polarimetric images.

To implement the polarimetric filter, we use the characteristic
decomposition of M [36] in terms of the indices of polarimetric purity
(IPP) observables [37], because the IPP represent a suitable framework
to separate isotropic and anisotropic depolarizing origins. Moreover,
the characteristic decomposition has a clear physical interpretation that
allows the filter to be implemented in an intuitive and simple way,
which is useful in practical applications. In addition, this decomposition
can also be useful for filtering polarimetric noise [38].

In the following we review the concept of isotropic and anisotropic
depolarization in the context of characteristic decomposition (Sec-
tion 2.1), and then we describe the filtering method and derive some
observables of interest (Section 2.2).

2.1. Isotropic and anisotropic depolarization content derived from the char-
acteristic decomposition of the mueller matrix

The characteristic decomposition allows to write the M of any
depolarizer as the incoherent addition of different Mueller matrices. In
fact, it separates M as the contribution of four different matrices with
physical interpretation (describing polarizing or depolarizing proper-
ties), and each one of these terms is weighted by one of the IPP or
a linear combination of them. In particular, it can be expressed as
follows [36,37]:

M = Py(mgy M ) +(Py = Py iy My )4+ (Py = Py Yy M)+ (1 = Py)igy My),
(1)

where my is an scalar value representing the mean intensity coefficient
and the circumflex in the different matrices M, (i = J0, 1, 2 and 3)
denotes the normalized matrix.

Each one of the four matrices appearing in the incoherent ad-
dition in Eq. (1) has a particular physical meaning: M, represents
the nondepolarizing features of M, M, represents the portion of the
medium that behaves as a 2D depolarizer, M, represents the part of the
medium that behaves as a 3D depolarizer and the term Af; gives the
portion of the medium behaving as a perfect depolarizer [36,39,40].
For further interpretation, recall that a 2D depolarizer is a system
that can be written as the incoherent addition of two specific pure
Mueller matrices derived from M, whereas a 3D depolarizer is a system
that can be written as the incoherent addition of three specific pure
Mueller matrices derived from M, and a perfect depolarizer is a system
that when a light beam interacts with it, regardless of its state of
polarization, always transforms the incident polarization state into a
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fully unpolarized state (perfect depolarizers can be represented by the
Mueller matrix M, o depotarizer = diag(1,0,0,0)).

Note that this additive scheme of interpretable elements give us
valuable information about the polarimetric contributions leading to
the final particular system represented by M. Importantly to our study,
note that the significance (the weight) of each term in Eq. (1) is pro-
vided by a linear combination of the IPP parameters (P, P,-P|, P;-P,
and 1-Py, respectively). Recall here that IPP are three polarimetric
observables, P, P, and P;, with values between 0 and 1, which are de-
rived from the covariance matrix associated with a given M, and which
provide quantitative information on the polarimetric randomness of
the system [35,37]. Therefore, the particular IPP combinations above-
stated can be understood as metrics quantifying different polarimetric
origins existing in a given sample.

Stated the interest of IPP for an in-depth knowledge of depolar-
izing samples, in a previous work (Ref. [35]) we further studied the
interpretation of IPP observables, by analyzing a collection of depo-
larizers consisting of the incoherent addition of easily interpretable
devices (diattenuators and retarders), and inspecting the associated
IPP values. We demonstrated that P, and P, were connected with
anisotropic depolarization (originated by polarimetric anisotropy), and
P; was connected with isotropic depolarization (perfect depolarizers).
It was shown that depolarizing systems fully governed by anisotropic
processes were characterized by P; = 1, regardless of the values of P,
and P,. Moreover, when Py < 1 means that a given amount of isotropic
depolarization was present. The limiting case of a fully unpolarizing
sample occurs when P, = (. Readers interested in further evidence
and discussion related to the connection of P, and P, with anisotropic
depolarization, and P; with isotropic depolarization are addressed to
Ref. [35].

In this framework, it is interesting to analyze how the charac-
teristic decomposition changes when we consider systems with only
anisotropic depolarization (i.e., with zero isotropic depolarization con-
tent) for which P; = 1. Therefore, by imposing such a condition in
Eq. (1), the last term of the characteristic decomposition (corresponding
to the contribution of the perfect depolarizer) becomes zero. Therefore,
for this particular case Eq. (1) can be rewritten as [35]:

Moy = M, = Py(my M o) + (Py = P)(mgg M)+ (1= Pylimgy M), (2)

where M, denotes depolarizing systems without isotropic depolariza-
tion.

On the other hand, the last term of Eq. (1) represents isotropic
depolarization. In fact, by taking into account the weight of this last
term in Eq. (1), i.e. 1— P, it can be shown that the value of P; measures
the proportion of anisotropic depolarization in a sample M [35]. For
instance, the condition P; = 1 is satisfied when no isotropic depolar-
ization is presented in the sample and P, = 0 when depolarization
is fully isotropic. Moreover, due to the inequalities governing IPP, if
P; = 0, the other IPP must be also zero, P, = P, = 0 (see Eq. (54)
of the Supplementary document). As a consequence, the characteristic
decomposition of a system that only presents isotropic depolarization
processes is written as [35]:

MP-,:n:Mu‘n:mﬂnA}J' (3)

where M,,, denotes depolarizing systems fully governed by isotropic
depolarization and represented by perfect depolarizers. Note that, in
the equation describing isotropic depolarization processes the infor-
mation is codified in only one term (m,M;), whereas the anisotropic
depolarization is described by three different terms (see Eq. (2)).

A general system that may present both isotropic and anisotropic
depolarization can be written as follows [35]:

M = Pymyy M, + (1 = Py)(mgM,,.,). (4)

where M is divided in the anisotropic (M) and isotropic (M)
depolarizing contributions.
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From Eq. (4) we clearly realize that the P, metric associated to
a Mueller matrix determines the portion of isotropic and anisotropic
depolarization features in the samples. Note also that, as a consequence
of the inequality relation of IPP (£, £ P, < Py), if isotropic features of
samples are predominant, P; takes small values, and thus, the valuable
information of anisotropic depolarization, which is connected with
physical properties of samples (through channels P, and P, and other
related polarimetric observables [39]) is mostly masked. This situation
can be intuitively interpreted using the graphical representation of
Purity Space [41] (see sec. 3.1 of the Sup. doc.).

At this point, the following questions arise: (a) could it be possible
to remove the influence of isotropic depolarization of a sample in
order to highlight more physical properties of samples? and (b) if this
is possible, would this be a powerful tool for image visualization of
structures after removing isotropic depolarization? The main goal of
this manuscript is to answer these questions and to prove, that: (a) it is
very easy to isolate isotropic depolarizing features of a Mueller matrix
(let us call it isotropic depolarization filtering) by using decomposition
in Eq. (4); and (b) the application of this filter paves the way for a
new dimension of image processing based on polarimetric data. In the
next subsection, the theoretical fundamentals of the proposed filter are
described in detail. In turn, to highlight the potential of the method
for practical applications, some experimental results and examples are
provided in Section 3.

2.2, Isotropic depolarization filter

The filter we propose consists in eliminating the isotropic ((1 —
Py)(mgyM-)) term from M. The filtered Mueller matrix M, is imple-
mented as follows:

My =M = (1 = Py M) = ®)
Py Cmgg M yg) + (Py — P)mgg My )+ (1 — Py)(mgg M),

In this way, we isolate the anisotropic information in the new
filtered matrix M, which corresponds to the anisotropic terms of the
characteristic decomposition. In other words, we subtract the last term
in Eq. (2) to the Mueller matrix M, to get M,.

Once the anisotropic information is isolated, we can study how this
filtering affects the polarimetric observables that can be calculated from
M, (and how they compare with the same observables derived from
M). To do so, we can write the filtered matrix elements (those of M)
in terms of the elements before the filtering. As the A7; matrix has the
diagonal form diag(1,0,0,0), it is straightforward to see that my, is the
only element in M affected by the filter:

Mgy = Mgy = (L= Pydmgy = Pymyy. (6)

The rest of the elements of the filtered matrix (before normalization)
are not affected by these operation, that is m,; ; = m, ; for all elements
except for i = j = 0 (Eq. (6)). To obtain the different polarimetric
observables from M, it is necessary to normalize the matrix (divide
every element of the matrix by mg,P;). The normalized form of M, in
terms of the elements before the filter, can be expressed as (the filtered

polarimetric parameters are noted with the superindex ):

hid

1 mo| ma3 mo3
mgg Py mgp Py gy P

myg m s m3
mogPy | mog Py mgpPy  mgg Py
M = my Py 7)

Mg May mr bl

mop Py | g Py mggPy mgp Py

M0 mi) ms M3

mpg Py | mgg Py omop By mipg Py

p!

From Eq. (7) we see that, since the mgy, element of the filtered
matrix M, was affected by the IDF, the new normalized elements of the
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matrix are also affected. In particular, all the elements in the matrix
have a dependency on P;. The interest of filtering the isotropic part
of the depolarization is particularly evident when it comes to image
non-homogeneous samples which show a given spatial variation of their
respective polarimetric properties across the imaged area. In this way,
the value of P, will vary across the sample and therefore affect the
observed value of the polarimetric properties differently. For instance,
when we obtain the Mueller matrix image of a sample, we compute the
value of each polarimetric characteristic pixel by pixel. Hereafter, we
will explicitly write this point-to-point dependence of the polarimetric
observables, Py(x, y).

Once the filtered matrix is obtained, we recalculated the polari-
metric observables from this matrix in order to analyze the effect of
subtracting the isotropic depolarization on them. For more detailed
calculations, see sec. 2 of the Supplementary document.

2.2.1. Non-depolarizing channels: Dichroic and retardance properties

In this subsection, we discuss the contrast improvement related to
non-depolarizing observables (i.e., dichroic and retardance-based prop-
erties) by using the proposed P based filter. Regarding to the sample
characteristics related to dichroism, we mainly focus on diattenuation
(D) and polarizance (P). These metrics can be obtained directly from
the M elements, as shown in Eq. (7). The relationship between the
parameters before and after the filter can also be extracted directly from
Eq. (7).

, Dix,y) ' Plx,y)
D'(x,y) = . Py = .
e Pi(x,y) be ) Pi(x,p)

From Eq. (8) we see that filtering P and D means dividing the origi-
nal values of these observables by P,. When the isotropic depolarization
is high, the values of P; are low, and therefore filtering the isotropic
component will imply a significant contrast enhancement in P and D.
In Section 3 we show how this effect help not only to the contrast
enhancement but also to reveal some structures hidden due to a high
amount of isotropic depolarization.

The filtered retardance (R') cannot be obtained directly from the
elements of M,. To obtain the retardance observables from a Mueller
matrix, we need to further processing the data, as for instance, by
applying Mueller decompositions, as the Lu-Chipman, the Arrow or
the Symmetric decompositions [39]. The calculations from which those
methods are based are not straightforward, so to obtain an analytical
expression for the filter effect on R' is not trivial and it is out of the
scope of this manuscript. However, considering a heuristic approach
based on the study of the filter effect in retardance images corre-
sponding to a wide range of tested samples, we hypothesize that the
contrast enhancement is notably lower than in observables related to
dichroic and depolarization properties and that such filter effect can be
considered negligible for the retardance case.

(8)

2.2.2, Depolarizing channels

Different sets of depolarization related parameters can be deduced
from M. It has been demonstrated that the IPP give the best per-
formance and provide fundamental information about the origin of
depolarization in biological tissues [35]. In addition to IPP, here we
discuss the effect of the IDF on two more metrics related to depolar-
ization: the depolarization index (P,), which is a global indicator of
the depolarization produced by a sample and the degree of spherical
purity (P,), which measures the contribution to depolarization that is
not directly related to the dichroic properties [30,39].

We start by calculating the effect of the IDF on the IPP. The IPP
are obtained as linear transformations of M and cannot be directly ob-
tained from M elements, as these indices are linear combinations of the
covariance matrix, H{(M ), eigenvalues A, [37,39,42]. The covariance
matrix H is a Hermitian semi-definite matrix that can be obtained from
M elements as follows:

3
H(M)= i Zu m;(o; ® o'j"l. (9)
L=
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where m;; represent the elements of Mueller matrix, ¢ are the Pauli
matrices, and is the Kronecker product. The IPP arise from lineal
combinations of H eigenvalues (J;, i=0,1,2,3,4):

Ao — Ay Ag+ Ay =24 A+ A+ =3+ 4
b=—rg By b= i
where trH stands for the trace of the covariance matrix H where irH =
iy and the values of IPP are restricted between 0 and 1 following the
relation (0 < Py < P, < Py <1).

Therefore, to obtain the filtered IPP we need to calculate the co-
variance matrix of M, in Eq. (5), i.e. H(M,). Each element of the
covariance matrix can be calculated as a linear combination of different
elements of M as shown in Eq. (9), and importantly, the m, element is
only present on the diagonal of I (see Eq. (51) of the Sup. doc.) [39].
Therefore, the diagonal elements of # will be the only ones affected
by the filter, and H(M ) can be obtained as:

. o

H(M,)=H(M) - (1 - Pylmyl, an

where [ is the identity matrix.

The next step is to obtain the eigenvalues of H(M ), ,l:, to calculate
the filtered IPP (i.e., Pl', P:‘ and P}’ ). To this aim, we can relate the
covariance matrix before, #(M), and after, H (M), the filter by using

Eq. (11) through the diagonalization calculation:
H(M)-A'T=0— H(M — (1 = Py)my) — AL=0,

(12)
H(M) = (" +(1 = Pymgy)l =0,

A=A, + (1= Pymgy,. (13)

where 4 and 4’ correspond to the eigenvalues of H(M) and H(M,)
respectively. Eq. (13) allows to calculate the relationship between IPP
before and after the filtering. The IPP are defined as a function of the
eigenvalues as follows (see Eq. (10)) [37,43]:

1 "
Po=— ) kil k=123 14
"= KZ] I’ 3 a4
where 44, = 4i,_, — i,. Therefore, regarding Eq. (12), the relation

between eigenvalues, 4, = A+ P; (i=0,1,2,3), and the traces irH (M) =
my, = Psymgy, we can write the filtered IPP as:

L3 n n
1 1 1 o1
Pl=— =— f=—— Ykdi = —P,
k er(M“)’; = PyrH A P3n-HZ; A=
Px.
Plixy)= 2,
FEPE B W

(15)

where 44, = (4,_, = P3) = (A4, = P3) = A4, = 4, = 44, Inspecting
Eq. (15) we can observe the same effect on the filtered variables than
in Eq. (8); the value of the filtered index increases by an amount given
by 1/P;(x.y), in the same way as the parameters presented in Eq. (8).
In addition, we present the effect of the IDF on (P,) and (P,). Both of
these metrics can be obtained directly from the components of M [39]
and, the effect of the filter on these parameters is the same as for the

IPP and the dichroic parameters:
Pylx,y) _ By

Pi(x.y) = . Py = .
4 Pix. " ¢ Pi(x, )

(16)

2.3. Discussion

In secs. 2.2.1 and 2.2.2 we discussed how the visibility of im-
ages representing polarimetric observables [3-5,7], can be significantly
improved using the proposed subtraction of the effect of isotropic de-
polarization. For most of these observables, their visibility is increased
by a factor proportional to 1/ when the IDF is applied. Thus, this
contrast enhancement is particularly relevant for small values of P;,
which is the typical case for polarimetric images of biological tissues.
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Under this scenario, the potential of the IDF for applications in
biophotonics is discussed in the following Section 3 by analyzing the
contrast enhancement (and biological structure unveiling capability)
obtained when applying our proposed IDF for studying diverse exam-
ples of biological tissues of animal origin. As additional information, if
the readers are interested in a more visual interpretation of the filter,
we address them to the Supplementary material (sec. 3), where we
provide a physical interpretation of the filter in terms of depolarizing
spaces [41].

3. Filter application to the analysis of biological samples

As discussed in previous section, the contrast enhancement asso-
ciated to the isotropic depolarization filter application on the study
of a given sample, it is higher as lower the P; value is. In other
words, the IDF is specially suitable for samples showing rich isotropic
depolarization behavior, which masks other polarimetric features of the
sample. This scenario is common when dealing with biological samples,
as for instance it is the case of soft tissues, usually presenting very low
values for P; metric (see Table 1 and Fig. S5 in the Supplementary
material). For this reason, in this section we present different examples
of the IDF benefits when applied for the study of different soft tissues.

In particular, in the following we present the application of the
IDF for the study of two different tissues: sections of ex-vive heart and
brain measured at 625 nm and 470 nm, respectively. In Section 3.1, we
provide a brief description of the samples and the motivation of this
choice due to their importance in the field of medicine. The Mueller
matrices, M s, corresponding to the stated samples were experimentally
obtained by means of a complete Mueller matrix image polarimeter
described in the sec. 4 of the Supplementary document. In addition,
for completeness, in the Supplementary material we also provide the
results obtained for other polarimetric observables and some examples
of other samples highlighting as well the potential of the filter for
medical applications.

3.1. Biological samples: description and interest

We have obtained excellent results in terms of image contrast
enhancement after applying the filter to the polarimetric images of
a number of soft tissue samples. For the sake of brevity, we will
discuss two representative examples in this section: (1) heart and (2)
brain tissue sections; both from ex-vive animal. We have chosen these
two examples because of their great interest in the medical field and
because, there is currently no standard non-invasive gold technique
to characterize certain structural features and/or pathological tissues
associated to these samples.

In the case of the heart, cardiovascular disease is the number one
cause of death in the world, leading to around the 15% of total worlds
deaths and has increased in more than 6 million cases in the last
20 years [44]. The early diagnosis of structural cardiac abnormalities
can help in the detection, prevention and treatment of heart malfunc-
tioning and unfavorable cardiovascular events such as infarction [45].
Analyzing cardiac tissue remodeling at an early stage can be lifesaving.
Currently, the gold standard technique for detecting myocardial fibro-
sis is the endomyocardial biopsy [45]. This technique is an invasive
method, and it is practically infeasible in daily clinical routine [46].
In this sense, different studies have demonstrated the usefulness of
polarimetry in the heart structural variations and in differentiating
between healthy, infarcted and regenerated myocardial tissue [27,47].
Particularly, depolarization has arisen as an indicator of these structural
changes, being directly correlated with the anisotropic structure of
the heart tissue components [47]. Interestingly, the approach here
presented also allows to follow the trajectories of the subepicardial
coronary vessels and generate contrast between their walls and their
lumens. This feature may be suitable for the clinical context, as it
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would provide a tool for surgeons without the use of intra-surgical
arteriography (see Fig. S8 of the Supplementary material).

In the case of the brain, the study of brain connectivity and its
functional expression is probably the present frontier of applied neu-
roscience, as there is no gold-standard technique for pathway mapping
apart from peri-mortem tract-tracing injections that are not ethically
suitable for the study of human connectivity [48]. Techniques such
as histology or ultrastructure-based methods can distinguish fiber ori-
entation but are not useful for tracing long range tracts [49]. It has
been demonstrated the ability of Mueller matrix polarimetry to classify
large tracts that are known to have different orientations (internal
capsule, cerebral peduncles, fimbria, medial lemniscus, optic tract) and
to resolve the limits between gray and white matter [13,33].

Recently, polarimetry has demonstrated its capabilities to study in
an easy and non-invasive way some of the above mentioned charac-
teristics leading to promising results in the medical field, in particular
to fundamental studies of sample components, characterization and
early pathology detection. The filter we present would help to construct
more powerful polarimetric techniques based on the Mueller matrix
inspection by means of a simple mathematical treatment of M.

In the following, we present the results correspondent to a trans-
verse section of an ex-vivo lamb heart sample and a coronal section
across the frontal lobe of an ex-vivo cattle brain sample. In Fig. 1
we provide a schematic representation of the regions of the samples
inspected. We demonstrate how, by means of applying the IDF to the
experimentally obtained Mueller matrices, much more information of
the structures of the samples can be obtained.

3.2. Experimental results for the polarimetric analysis of a heart sample

In this section, we present the results of applying the filter to the
heart sample. The Mueller matrices, M, corresponding to the stated
samples were experimentally obtained by means of a complete Mueller
matrix polarimeter. Information related to the components, calibration
and calculation of the experimental Mueller matrices are described in
section 4 of the Supplementary document. In Fig. 2 we compare the
standard intensity image (i.e., the non-polarimetric image; Fig. 2(c))
with the images obtained with a particular polarimetric observable, the
P, channel, before (see Fig. 2(a)) and after (see Fig. 2(b)) application of
the IDF. We chose P; for the analysis because, among all polarimetric
observables studied, it was the most interesting metric in terms of
contrast enhancement and structure unveiling. For the sake of clarity, in
Fig. 2(d) we also present a visual interpretation of the effect of the filter
on the heart sample data, in terms of the 3D Purity Space constructed
by means of the IPP.

Fig. 2(a) to (c) show the images correspondent to the transverse
section of the heart sample. In the conventional intensity image (unpo-
larized reflectance), the heart appears as an homogeneous and undif-
ferentiated tissue (see Fig. 2(c)). However, by examining the depolar-
ization response of the sample (through the P; parameter) we are able
to see a spatial dependence, showing different depolarization results
for the inner (low gray levels mean low depolarization) and outer
region (black means high depolarization). Interestingly, these regions
correspond to different tissue types: (1) is myocardial tissue composed
of concentrically arranged fascicles of myocardial muscle whereas (2)
corresponds to subendocardial tissue, composed of loose connective
tissue and Purkinje fibers. We show how polarimetric analysis reveals
structures invisible to conventional techniques.

Filtering the isotropic depolarization component largely overcomes
the performance of both the intensity image and the unfiltered P,
channel. The obtained filtered image is shown in Fig. 2(b), where the
contrast between structures (1) and (2) is clearly enhanced compared
to the P, image (in particular, the contrast is enhanced by an amount of
1/P;). Furthermore, the application of the IDF leads to the unveiling of
new information that was obscured by the isotropic depolarization in
the P; image. In Fig. 2(b), the region corresponding to subendocardial
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m: myocardium

e: endocardium

se: subendocardium
ep: epicardium

I: lumen

w: walls

A

wm: white matter
gm: grey matter
cg: cingulum

cc: corpus callosum
ic: internal capsule

Fig. 1. (b), (¢) and (d) correspond to the anatomical context for measurements showed respectively in Fig. 2, Fig. S8 of the Sup. doc. and Fig. 3, depicted in humanized
schematic drawings. (a) frontal view of a mammalian heart showing the interventricular sulcus containing the interventricular branch of the left coronary artery surrounded by the
subepicardial fatty tissue. (1) shows the direction of a section of both ventricles transverse to the heart axis resulting in an image close to the one depicted in (b). In this image
the left ventricle appears lined by the endocardium (en) and surrounded by the subendocardium (se), the myocardium (m) and the epicardium (ep). (2) indicates the location of
a longitudinal section of the coronary vessel, shown in (¢), where (1) and (w) correspond to its lumen and walls respectively. Finally, an idealized drawing of a coronal section
(d) of human brain is shown, demonstrating the equivalent areas to the ones analyzed in Fig. 3.

(a) Py

09
08
07
06

05

(d)

(¢) Intensity

2 mm

Purity Space

After IDF filter

2 mm
—

Fig. 2. Comparison of the polarimetric observable P, before (a) and after (b) applying the IDF with intensity image (c). (1) and (2) in (a) indicate myocardial and subendocardial
tissue, respectively; white dashed lines in (b) indicate the epicardial tissue and asterisks in (a) and (b) denote some regions where the filter is unveiling information hidden due to
isotropic depolarization. (d) corresponds to the representation of the IPP values before and after IDF in the Purity Space; the regions of the sample selected for the Purity Space
representation are indicated in (b), red and blue squares correspond to: myocardial and subendocardial tissue, respectively.

tissue is better defined than before the filter (see Fig. 2(a)). That is, in
P/ we are able to see the border and the two different structures present
in this specimen with great contrast. In addition, the filtered image
in Fig. 2(b) shows much clearer boundaries and transitions between
myocardial and subendocardial tissue, and it is much richer in struc-
tural details, as can be seen, for example, in the regions highlighted
by red asterisks. Finally, the boundaries between the epicardium (see
white dashed lines in Fig. 2(b)) and the myocardial tissue are clearly
differentiated, whereas they were almost invisible in both the intensity
and P, images.

Finally, we note that the IDF is not only useful for enhanced vision
but also for data processing in applications such as tissue classification,
as valuable data for training machine learning models. Fig. 2 (d), is
a graphical representation of the effect of the filter on the values of
the IPP represented in their corresponding Purity Space. Complemen-
tary information about Purity Spaces can be found in sec. 3 of the
Supplementary material. Purity Spaces have been shown to be useful
in applications related to image-based tissue or structure discrimina-
tion [10,43], therefore we find interesting to discuss the effect of the
IDF in this framework. To do so, we selected two different regions
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Intensity

Fig. 3. Comparison of the polarimetric observable D before (a) and after (b) applying the IDF with the intensity image (c) in the coronal section across the frontal lobe of the
brain. Numbers 3 to 9 in (b) correspond to different white matter tracts of interest. (10) and (11) in (c) denote regions formed by neocortical gray matter and subcortical white
matter, respectively. (d) corresponds to the representation of the CP parameters before and after the filter in the CP Space; the regions of the sample selected for the CP Space
representation are indicated in (a), red and blue squares represent different fiber tracts (coronal and rostro-caudal) within WM.

within the P image, myocardial and subendocardial, these two regions
corresponding to spatial zones of the sample where more information
was unveiled after applying the IDF (see blue and red squares in Fig.
2(b)). The values for the pixels within these regions, before and after
the filter, are represented in the Purity space with the same color code
(see Fig. 2(d)). This representation give us a visual way to understand
the beneficial effect of the IDF in terms of data discrimination. Since
the P, parameter controls the height of the tetrahedron describing
the Purity Space volume (Fig. 2(d)), and as the filter effect fixes all
values of P; to 1 (see Section 2), we can understand the effect of
the filter as the projection of the data clouds, on the plane P; = 1
(i.e., all filtered data is re-located to the top surface of the figure).
As consequence of this transformation, we can see as the distances
between the myocardial and subendocardial heart structures (blue and
red datasets) are enlarged after the filter application, this resulting
into the subsequent larger discrimination capability between the two
regions of the tissue. Moreover, the spread of the points also increases
when applying the filter, obtaining richer information of the regions
when eliminating the isotropic part of the depolarization, as we shown
in Fig. 2. This increase in the dispersion of the clouds can be quantified,
particularly, the dispersion increases by a factor 1/P; (3.92 times larger
for this case).

As a result of this first study case, we demonstrated how by re-
moving the isotropic component of samples depolarization response, by
applying the IDF, richer sample information, related to physiological
information of tissues, is retrieved. This could be useful for studying
myocardial tissue in a more accurate way, helping in the inspection
and detection of myocardial tissue modification and leading to the early
detection of cardiac diseases such as infarction.

3.3. Experimental results for the polarimetric analysis of a brain sample

We present a second example of the IDF potential by studying
its interest for the characterization of a brain sample. Fig. 3 shows

the comparison between the diattenuation channel before (D, Fig.
3(a)) and after (D', Fig. 3(b)) being filtered and the non-polarimetric
intensity image (Fig. 3(c)). From all analyzed polarimetric observables
images, we selected the diattenuation feature for comparison with
standard intensity because it was the metric providing the best results
in terms of image enhancement. This result is in agreement with recent
studies [33] reporting the interest of diattenuation measurements to
reveal very interesting information related to white matter (WM) fiber
tracts, this allowing to inspect nerve fiber architecture and distinguish
regions with different compositions difficult to detect by means of
conventional techniques [49].

Regarding the intensity image of the brain section in Fig. 3(a), we
show how the boundaries between neocortical gray matter (10) and
subcortical white matter (11) are observed, but no further information
of the sample is provided. In turn, when using diattenuation channel
D (Fig. 3(b)), the visualization of brain structures is significantly im-
proved, but the application of the filter on D (Fig. 3 (c)), gives rise to
the appearance of significant structures and details, and in particular,
the WM tract identification is outstanding, both subcortical and within
the corpus callosum (5,6). We also can see clear distinction between
tracts following the plane of the section (i.e coronal, or ‘vertical’;
5,7) and tracts, either rostro-caudal (3,4) or medio-lateral (6,8), that
do not follow the same plane. Thus, the filtered image allows the
identification, in this particularly rich area of the WM, of a wide set
of tracts: superior longitudinal fasciculus (3), cingulum (4), medio-
dorsal callosal fibers (long-range interhemispheric U-shaped fibers, 5),
ventro-lateral (left-right) callosal fibers (6), short-range U-shaped fibers
and layer VIb (7, arrows) and ventro-striatal callosal fibers (8). Area
termed 9 represents the coalescence between callosal fibers and the
internal capsule [50]. Pink asterisks in Fig. 3(b) denote the regions
where the filtering effect is revealing hidden information in the po-
larimetric observable before the filter, detecting information about the
fiber directionality masked by isotropic depolarization.

The significant brain section visualization improvement achieved by
the filtered diattenuation image, D’ (Fig. 3(b)), with respect to the non-
filtered image D (Fig. 3(a)), can be better understood by taking into
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account the associated range of values. In this sense, as can be see from
the corresponding greybars, the diattenuation D values associated to
the brain image are restricted between the range 0-0.4, corresponding
this maximum value to the white. That is, the diattenuation response
of the sample is low and the range of values that the parameter can
reach is quite limited. This implies a lower capability of structure dis-
crimination. Unlike this, when applying the filter, the range variation of
the filtered diattenuation D’ is largely increased, taking values almost
covering the full range (0-1), this leading to the excellent structure
unveiling shown in Fig. 3(b).

Further interpretation of the filter effect on the brain sample data
is provided by using a depolarizing Space representation. In particular,
Fig. 3(d) shows the filter effect (data clouds before and after applying
the IDF) in terms of the 3D Components of Purity (CP) Space. We
used the CP Space since the metric leading to the best results was
the diattenuation (D) channel, and the CP Space consists of three
polarimetric observables, including the diattenuation (in particular,
the Diattenuation, D, the Polarizance P and the Spherical Purity,
P)) [39,51].

Note that ideal depolarizers (input light is fully depolarized inde-
pendently of its state of polarization) are located at the point (0,0,0)
of the CP Space. As brain data before being filtered presents very
low values of the Py metric, due to their high isotropic depolarizing
performance, data clouds are concentrated very close to this point, both
for the coronal (in red) and caudal WM fiber tracts (in blue) cases.
However, after applying the IDF, isotropic depolarization is removed,
so data clouds are displaced far from the fully depolarizing condition,
increasing the discriminatory capability between tissues. In particular,
when comparing the results before and after filtering represented in Fig.
3(d) we see outstanding results. The two different regions in the sample
(labeled by the red and blue point clouds in the figure) are better
discriminated after the application of the filter; not only the separation
in the space between the clouds representing different structures is
larger but also, the dispersion of the points increases. Also, in this case
the variance of the points increases in a factor 7.57. This situation
ensures excellent performance in terms of tissue discrimination and
revealing information of intrinsic properties of the sample.

In summary, we have presented the impactful performance of the
IDF for the polarimetric analysis of biological samples. The IDF is
particularly useful for the case of soft tissues, where the P; value is low
(P, images for the samples studied in this work are provided in section
5.2 of the Supplementary documents). However, it can be applied on
any kind of sample fulfilling this condition. For the cases presented
in this section, we have obtained impressive results, overtaking the
response of conventional polarimetric methods. In the heart sample,
we showed how the contrast between different structures (myocardial
and subendocardial) is highly increased, whereas in the brain sample
we even reveal invisible structures in the polarimetric images before
filtering. These results pave the way to the application of this technique
for the early detection of pathologies in heart and brain samples leading
to changes in the myocardial structure or the fiber orientation/density,
respectively, That could be possible due to the increase of sensitivity
in detecting tissue changes that we can get in the filtered polarimetric
observables.

4. Conclusions

In this work we presented a digital filtering method that takes
advantage of different sources of depolarization present in samples.
Depolarization can be divided into two types: anisotropic and isotropic.
While the former contains information about the physical microscopic
constituents of matter, the second one is related with multiple scatter-
ing processes in the sample, and it can be regarded as a polarimetric
white noise. It is important to note that the isotropic depolarization
usually hides the anisotropic information contained in M, so it is
interesting to isolate these two contributions. To do this, we inspect
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the characteristic decomposition of M and see how it can be separated
into four Mueller matrices representing different physical systems. In
particular, the isotropic depolarization is related to the last term of
the decomposition (1 — P;)M; where M; = diag(1.0,0,0) is a perfect
depolarizer and 1 — P; is the weight of the isotropic decomposition.
The remaining elements of the decomposition represent the anisotropic
properties of the samples. Recall that the proposed isotropic depolar-
ization filter consists in removing this isotropic part of the raw M; this
leads to a new filtered M’ where the anisotropic content is magnified.

The IDF has been applied to different soft tissues of animal origin,
since these structures usually exhibit low P; values (i.e., they have a
high isotropic depolarization response), making them suitable candi-
dates for a successful application of the filter. In particular, we focused
the polarimetric analysis on heart and brain samples due to their
interest and importance in the medical field, where we demonstrate
the outstanding performance of the IDF in terms of structure unveiling
and contrast enhancement. [n recent years, the potential of polarimetry
for biological tissue inspection has already been demonstrated, proving
that polarimetric observables provide rich information about sample
structure that is not visible with intensity images or conventional
medical techniques. At this stage, with the presentation of this IDF,
we aim to go one step further by outperforming existing polarimetric
techniques. In particular, we show how the filtered polarimetric observ-
ables corresponding to the heart samples not only greatly increase the
contrast between different tissues (myocardial and subendocardial), but
also reveal structures hidden in the conventional polarimetric images
in the filtered observables. In the case of the brain, we obtain very
interesting results, revealing information about the directionality and
identification of fiber tracts in the WM, which were not visible in the
unfiltered polarimetric parameters. It is worth noting that we have
presented a very simple filtering method for improved visualization
of sample features, which can be implemented experimentally using a
macroscopic and non-destructive technique.

Importantly, we want to note that the proposed IDF can be tested
with other polarimetric observables than those used in this manuscript.
In this sense, we have focused on a reduced set of commonly used
observables as representative examples to demonstrate the performance
of the filter, However, it could be applied to a large number of already
proposed polarimetric observables and/or methods.

The results presented in this work highlight the interest of the fil-
tering method for the study and characterization of biological samples,
paving the way for new protocols in biomedical and clinical appli-
cations. For example, in the examined samples discussed throughout
the manuscript, different structures of interest were revealed. In the
case of the heart sample, not only the boundaries and the distinction
between myocardial and subenocardial tissue are revealed by IDF,
but also the trajectories of the subepicardial coronary vessels and the
visualization enhancement of their walls and lumens are obtained. For
the brain, we show how IDF can detect and classify tracts with different
orientations and resolve the boundaries between gray and white matter.
Interestingly, these results can be useful in several medical scenarios.
For example, in the study of cardiac pathologies, the inspection and
classification of tracts in the white matter can help shed light on the
effect of some neuropathies and as a powerful tool for surgeons in the
clinical context.

Finally, although we have focused our discussion on the biomedical
field, we would like to note that the proposed methods are general and
could be useful for a wide range of applications. Note that in all those
samples where isotropic depolarization is a significant feature, which
is a common situation in several scenarios. For this reason, we invite
all researchers dealing with depolarizing samples to test the suitability
of the proposed filter.
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