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La física contemporánea…se encamina hacia el único método atinado, hacía la única filosofía 

certera de las Ciencias Naturales, no en línea recta, sino en zigzag, no sabiendo adónde va, sino por 

impulso natural, no viendo con claridad su “objetivo final”, sino acercándose a él a tientas, 

titubeando y, a veces, hasta reculando. 

V.I. Lenin





 

 
 

  

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 
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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, IoT, 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.  

  

 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.  

 

• 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. 

• 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]. 

• 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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• 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.  

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]. 
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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. 

 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 

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]. 
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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.  

• 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]. 

• 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). 

 

• 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 

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]. 
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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. 

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 

Figure 1-4 Depolarization parameters of healthy (a, b) and tumor (c, d) regions of ductal 

carcinoma sample.  Image adapted from [67]. 



22  Chapter 1  Introduction 
 

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 

quantitative 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].  

 

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). 

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. 
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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.  

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]. 
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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 

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]. 
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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. 

 

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.   

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)). 

It is 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 

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]. 
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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]. 

 

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. 

 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.  

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 (ComSLI), 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 

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]. 
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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, AI-

driven process that yields high-quality fiber orientation maps compatible with 

intraoperative neurosurgical workflows [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, 

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]. 
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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 𝑃3  is always equal to 1. Section 4.2  

includes the depolarizers simulations with 𝑃3 < 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.  

 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 ( 𝑺 ) as four measurable quantities known as the Stokes polarization 

parameters (𝑆0, 𝑆1, 𝑆2, 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:  

𝐒 = (

𝑆0
𝑆1
𝑆2
𝑆3

) = (

𝐼0° + 𝐼90°
𝐼0° − 𝐼90°
𝐼45° − 𝐼135°
𝐼𝑅 − 𝐼𝐿

), (2-1) 

 

where 𝑆0 is associated with the total intensity of the light beam and 𝑆1 , 𝑆2  and 𝑆3 

parameters state for the fully polarized content of the beam. In particular, 𝑆1 corresponds 

to the amount of light with horizontal (0°) or vertical (90°) linear polarization, 𝑆2 indicates 

the light polarized in diagonal (45°) or anti-diagonal (145°) linear polarization and, 𝑆3 

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: 𝐼0° , 𝐼90°, 𝐼45°,   𝐼135°, 𝐼𝑅 , 𝐼𝐿 , 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  

 𝑆0 > √𝑆1
2 + 𝑆2

2 + 𝑆3
2   is accomplished, and it can be quantified by using the degree of 

polarization (DoP) metric, that can be calculated as follows [124]: 

 DoP =
√𝑆1

2 + 𝑆2
2 + 𝑆3

2 

𝑆0
 , 

(2-2) 
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where a fully polarized light beam corresponds to a DoP = 1 (𝑆0 = √𝑆1
2 + 𝑆2

2 + 𝑆3
2  i.e., all 

the intensity of the light correspond to different polarization sates),  a totally unpolarized 

state is represented by a DoP = 0  (√𝑆1
2 + 𝑆2

2 + 𝑆3
2 = 0  (i.e., none of the measured 

intensity correspond to polarized light), and a partially polarized state have values 0 <

𝐷𝑜𝑃 < 1 (0 < √𝑆1
2 + 𝑆2

2 + 𝑆3
2 < 𝑆0 (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 𝑆0 and we will note it as (𝑠1, 𝑠2, 𝑠3). 

 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 

(𝑠1, 𝑠2, 𝑠3). These parameters can be written in terms of the spherical coordinates [123]: 

 

 s = (

𝑠1
𝑠2
𝑠3
) = 𝐷𝑜𝑃 (

𝑐𝑜𝑠2𝜑𝑐𝑜𝑠2𝜒

𝑠𝑖𝑛2𝜑𝑐𝑜𝑠2𝜒

𝑠𝑖𝑛2𝜒
), (2-3) 

 

where 𝜑  and 𝜒  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:  

• Points in the external surface (𝑆̂) of the sphere correspond to fully polarized 

SoPs (𝑠1
2 + 𝑠2

2 + 𝑠3
2 = 1 ; 𝐷𝑜𝑃 = 1). 

• Totally unpolarized states are in the center of the sphere (𝑠1 = 𝑠2 = 𝑠3 = 0; 

𝐷𝑜𝑃 = 0). 
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• 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.  

• Linear states (𝜒 = 0) are located in the equator of the sphere (see black dashed 

lines in the figure).  𝑆̂𝐻 , 𝑆̂𝑉 , 𝑆̂45 and 𝑆̂135 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.  

• Circular polarized states correspond to the poles of the sphere 𝑆̂𝐿  (1,0,0,1) and 

𝑆̂𝐷 (1,0,0,-1). 

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

characterized by the azimuth and ellipticity angles (𝜑 , 𝜒). 

 

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.  

Figure 2-1 Representation of the Poincaré sphere and a totally polarized SoP ( 𝑆̂ ) 

characterized by 𝜑  and 𝜒  angles. Horizontal ( 𝑆̂𝐻 ), vertical ( 𝑆̂𝑉 ), diagonal ( 𝑆̂45 ) and 

antidiagonal (𝑆̂135)  linear SoPs are represented by the purple points located in the equator 

of the sphere; left (𝑆̂𝐿) and right (𝑆̂𝐷) circular totally polarized SoPs are represented by the 

purple points located in the poles of the sphere. The pink sphere represents partially 

polarized SoPs, (𝑆̂∆; 𝐷𝑜𝑃 < 1). 
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 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 (𝑆𝑖𝑛) and after (𝑆𝑜𝑢𝑡) interacting 

with a sample, Hans Mueller introduced the so-called Mueller matrix (M), which acts as a 

transfer function between Stokes vectors: 

𝑆𝑜𝑢𝑡 = 𝑀𝑆𝑖𝑛. 
 

(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.  

 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]: 

𝑀 = 𝑚00 (
1 𝑫𝑇

𝑷 𝑚
), (2-5) 

 

𝑫 =
1

𝑚00
(𝑚10,𝑚20,𝑚30)

𝑇 , 𝑷 =
1

𝑚00
(𝑚01,𝑚02,𝑚03), 

(2-6) 
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𝑚 =
1

𝑚00
(

𝑚11 𝑚12 𝑚13
𝑚21 𝑚22 𝑚23
𝑚31 𝑚32 𝑚33

) , (2-7) 

 

where 𝑚00  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:  

𝑃∆ = √
(∑ 𝑚𝑖𝑗

23
𝑖,𝑗=0 )−𝑚00

2

3𝑚00
2 = √

𝑃2

3
+
𝐷2

3
+
‖𝑚‖2

3
 , (0 ≤ 𝑃∆ ≤ 1). 

(2-8) 

 

where ‖𝑚‖2 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 𝑃∆ = 1 

represent pure, non-depolarizing systems. The third term in Eq. (2-8) is defined as the 

degree of spherical purity (𝑃𝑠) [129]:  

𝑃𝑠 =
‖𝑚‖2

√3
 , (0 ≤ 𝑃𝑠 ≤ 1). 

(2-9) 

This parameter relates to the birefringent sources behind depolarization processes. 

Equation (2-8) represents the overall depolarization capacity of samples and can be 

determined by the dichroic (P, D) and birefringent (𝑃𝑠) effects resulting in depolarization.  

The three mentioned polarimetric observables (P, D and 𝑃𝑠) 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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 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. 

 Arrow decompositions of a Mueller matrix 

The Arrow decomposition is a Serial decomposition inspired on the arrow form of the 

Mueller matrix, 𝑀𝐴(𝑀)  [124,132]. This decomposition is based on the singular value 

decomposition of the 3x3 submatrix, m (see Eq. (2-7)): 

𝑚 = 𝑚𝑅𝑂𝑚𝐴𝑚𝑅𝐼, 
(2-10) 

where, 

{

𝑚𝑅𝑖
−1 = 𝑚𝑅𝑖

𝑇 𝑑𝑒𝑡𝑚𝑅𝑖 = +1 (𝑖 = 𝑂, 𝐼),

𝑚𝐴 = 𝑑𝑖𝑎𝑔(𝑎1, 𝑎2, 𝜖𝑎3),    1 ≥ 𝑎1 ≥ 𝑎2 ≥ 𝑎3 ≥ 0, 𝜖 =
𝑑𝑒𝑡𝑚

|𝑑𝑒𝑡𝑚|
,
}  (2-11) 
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and 

𝑀𝑅𝑖 = (
1 0𝑇

0 𝑚𝑅𝑖
) (𝑖 = 𝑂, 𝐼), (2-12) 

 

where 𝑎1, 𝑎2 and 𝑎3 are the singular values of m,  𝑚𝐴corresponds to the 3x3 submatrix of 
the arrow form of (𝑀𝐴) of the Mueller matrix, and 𝑚𝑅𝑂, and 𝑚𝑅𝐼 are the submatrix forms 
of a pure entrance (𝑀𝑅𝐼) and exiting (𝑀𝑅𝑂) retarder, respectively. Thus, we can define the 
arrow form of M as: 

𝑀 = 𝑀𝑅𝑂𝑀𝐴(𝑀)𝑀𝑅𝐼 
 

(2-13) 

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

𝑀𝐴(𝑀) = 𝑀𝑅𝑂
𝑇 𝑀𝑀𝑅𝐼

𝑇 = 𝑚00 (
1 𝐷𝐴

𝑇

𝑃𝐴 𝑚𝐴
) ; 𝑃𝐴 ≡ 𝑚𝑅𝑂

𝑇 𝑃, 𝐷𝐴 ≡ 𝑚𝑅𝐼𝐷. 

 

(2-14) 

From this decomposition, we separate the contributions of the retardance properties (𝑀𝑅𝑖) 
from the dichroism and depolarization (𝑀𝐴). In this sense, from the arrow form of M, 𝑀𝐴, 
we can extract the arrow polarizance and diattenuation (𝑃𝐴 and 𝐷𝐴) as shown in Eq. (2-14). 
In addition, the 3x3 submatrix 𝑚𝐴 represent a diagonal matrix (see Eq. (2-11)) conformed 
by the three arrow indices (𝑎1, 𝑎2, 𝑎3). 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 
(𝑀𝑅𝐼, 𝑀𝑅𝑂). To characterize the birefringent properties of a sample, we can apply on 
them operations already described for a general retarder 𝑀𝑅𝑖   [123,124], this giving 
rise to the following set of observables:  

Δ𝑖 = 𝑐𝑜𝑠
−1 |

𝑡𝑟(𝑚𝑅𝑖)

2
− 1|,  0 ≤ Δ𝑖 ≤ 𝜋; 

 

(2-15) 

 

𝑹𝒊 =
Δ𝑖

2𝜋𝑠𝑖𝑛 Δ𝑖
(

𝑚𝑅𝑖23 −𝑚𝑅𝑖32
𝑚𝑅𝑖31 −𝑚𝑅𝑖13
𝑚𝑅𝑖12 −𝑚𝑅𝑖21

) = 𝑅𝑖 (
𝑐𝑜𝑠2𝜑𝑅𝑖𝑐𝑜𝑠2𝜒𝑅𝑖
𝑠𝑖𝑛2𝜑𝑅𝑖𝑐𝑜𝑠2𝜒𝑅𝑖

𝑠𝑖𝑛2𝜒𝑅𝑖

), 

 

𝜑𝑅𝑖 =
1

2
𝑡𝑎𝑛−1 (

𝑚𝑅𝑖31 −𝑚𝑅𝑖13
𝑚𝑅𝑖23 +𝑚𝑅𝑖32

),     𝜒𝑅𝑖 =
1

2
𝑠𝑖𝑛−1(𝑅𝑖(𝑚𝑅𝑖12 −𝑚𝑅𝑖21))    

 

[0 < 𝑹𝒊  ≤ 1,  
 

0 ≤ 𝜑𝑅𝑖 < 𝜋,
 

−𝜋 
4⁄ ≤ 𝜒𝑅𝑖 <

𝜋 
4⁄ ], 

(2-16) 
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where Δ𝑖 is the total retardance, describing the global behavior of a general retarder, 𝑹𝒊 is 
the retardance vector, the modulus (𝑅𝑖) indicates the phase shift introduced between the 
electromagnetic components of the light and (𝜑𝑅𝑖, 𝜒𝑅𝑖 ) are the azimuth and ellipticity 
angles of the fast eigenstate. In addition to the general retardance vector (𝑹𝒊), we can 
extract additional information related to birefringence, such as the linear retardance (𝛿) 
and the optical rotation (𝜓, rotation applied to the linear retarder) [133]: 

 

𝛿𝑅𝑖 = cos
−1 (√(𝑚𝑅𝑖11 +𝑚𝑅𝑖22)

2 + (𝑚𝑅𝑖21 −𝑚𝑅𝑖12)
2 − 1), 

 

(2-17) 

 

𝜓𝑅𝑖 = 𝑡𝑎𝑛
−1 (

𝑚𝑅𝑖21 −𝑚𝑅𝑖12

𝑚𝑅𝑖11 +𝑚𝑅𝑖22

). 

 

(2-18) 

 

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

Entrance retardance 
 

𝑀𝑅𝐼 = (
1 0𝑇

0 𝑚𝑅𝐼
) →  (𝑅𝐼 , 𝜑𝑅𝐼 , 𝜒𝑅𝐼 , 𝛿𝑅𝐼,𝜓𝑅𝐼), 

(2-19) 

     

Exit retardance 
 

𝑀𝑅𝑂 = (
1 0𝑇

0 𝑚𝑅𝑂
) →  (𝑅𝑂, 𝜑𝑅𝑂 , 𝜒𝑅𝑂 , 𝛿𝑅𝑂,𝜓𝑅𝑂). 

(2-20) 

 

In this decomposition, we consider the light-matter interaction as a combinative effect of 
an entrance retarder (𝑀𝑅𝐼), a matrix representing the dichroic and depolarizing properties 
of the sample (𝑀𝐴) and an exiting retarder (𝑀𝑅𝑂). 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 (𝑫𝑨) and polarizance (𝑷𝑨) 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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 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: 

𝐻(𝑀) =
1

4
∑ 𝑚𝑘𝑙(𝜎𝑘⊗𝜎𝑙)

3

𝑘,𝑙=0

 , (2-21) 

 

where 𝜎𝑖 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(𝜆0, 𝜆1, 𝜆2, 𝜆3)𝑼
𝑡, (2-22) 

where 𝜆𝑖 , are the four eigenvalues of 𝐻  fulfilling 0 ≤ 𝜆0 ≤ 𝜆1 ≤ 𝜆2 ≤ 𝜆3 ≤ 1  and  

∑ 𝜆𝑖 = 1
4
𝑖=1 , 𝑼 is the unitary matrix conformed by the orthonormal eigenvectors (𝒖𝑖 , 𝑖 =

0,1,2,3 ) of H. For each  𝒖𝑖  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:  

𝐻 = ∑
𝜆𝑖

𝑡𝑟𝐻
𝐻𝑖 ;        𝐻𝑖 = (𝑡𝑟𝐻)(𝑢𝑖⨂𝑢𝑖

†)3
𝑖=0  , (2-23) 

 

where 𝑡𝑟𝐻 = 𝑚00. 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)): 

𝑀 =∑
𝜆𝑖
𝑚00

(𝑚00𝑀̂𝐽𝑖) =∑𝜆̂𝑖(𝑚00𝑀̂𝐽𝑖)

3

𝑖=0

,

3

𝑖=0

 
(2-24) 

 

where 𝜆̂𝑖 are the normalized eigenvalues of H and 𝑀̂𝐽𝑖  are the normalized Mueller matrices 

of pure systems.  
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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] : 

𝐻 =
𝜆0 − 𝜆1
𝑡𝑟𝐻

𝐻0 + 2
𝜆1 − 𝜆2
𝑡𝑟𝐻

𝐻1 + 3
𝜆2 − 𝜆3
𝑡𝑟𝐻

𝐻2 + 4
𝜆3
𝑡𝑟𝐻

𝐻3, 

 

(2-25) 

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

𝐻0 = (𝑡𝑟𝐻)[𝑼𝑑𝑖𝑎𝑔(1,0,0,0)𝑼
𝑡] = (𝑡𝑟𝐻)(𝑢0⨂𝑢0

†), 

 
(2-26) 

𝐻1 =
1

2
(𝑡𝑟𝐻)[𝑼𝑑𝑖𝑎𝑔(1,1,0,0)𝑼𝑡] =

1

2
(𝑡𝑟𝐻)∑ 𝑢𝑖⨂𝑢𝑖

†1
𝑖=0 , (2-27) 

𝐻2 =
1

3
(𝑡𝑟𝐻)[𝑼𝑑𝑖𝑎𝑔(1,1,1,0)𝑼𝑡] =

1

3
(𝑡𝑟𝐻)∑𝑢𝑖⨂𝑢𝑖

†

2

𝑖=0

,   
(2-28) 

𝐻3 =
1

4
(𝑡𝑟𝐻)[𝑼𝑑𝑖𝑎𝑔(1,1,1,1)𝑼𝑡] =

1

4
(𝑡𝑟𝐻)∑𝑢𝑖⨂𝑢𝑖

†

3

𝑖=0

.   

 

(2-29) 

𝐻0 is a pure component and 𝐻𝑖 (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 = (𝜆̂0 − 𝜆̂1)(𝑚00𝑀̂𝐽0) + 2(𝜆̂1 − 𝜆̂2)(𝑚00𝑀̂1) + 3(𝜆̂2 − 𝜆̂3)(𝑚00𝑀̂2) + 4𝜆̂3(𝑚00𝑀̂3), 

 

[𝑚00𝑀̂𝐽0 = 𝑀(𝐻0),𝑚00𝑀̂𝑖 = 𝑀(𝐻𝑖)𝑖 = 1,2,3]. 

(2-30) 

 

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 (𝑀̂𝐽0) or depolarizing properties (𝑀̂1, 𝑀̂2 and 𝑀̂3): 

• 𝑀̂𝐽0: represents the non-depolarizing features of the medium. 

• 𝑀̂1 : represents the part of the medium that behaves as a 2D depolarizer, 

containing an equiprobable mixture of two pure components. 

• 𝑀̂2 : represents the part of the medium that behaves as a 3D depolarizer, 

containing an equiprobable mixture of three pure components. 

• 𝑀̂3: corresponds to the part of the medium behaving as a total depolarizer 

(𝑀̂3 = 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 𝜆𝑖 as follows [135,136]: 

𝑃1 =
𝜆0 − 𝜆1
𝑡𝑟𝐻

, 𝑃2 =
𝜆0 + 𝜆1 − 2𝜆2

𝑡𝑟𝐻
, 𝑃3 =

𝜆0 + 𝜆1 + 𝜆2 − 3𝜆3
𝑡𝑟𝐻

, 
(2-31) 

 

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

0 ≤ 𝑃1 ≤ 𝑃3 ≤ 𝑃3 ≤ 1. 
(2-32) 

Also, the eigenvalues of H can be written as: 

𝜆0 =
1

4
𝑡𝑟𝐻 (1 + 2𝑃1 +

2

3
𝑃2 +

1

3
𝑃3), 

(2-33) 

  

𝜆1 =
1

4
𝑡𝑟𝐻 (1 − 2𝑃1 +

2

3
𝑃2 +

1

3
𝑃3), 

(2-34) 

  

𝜆2 =
1

4
𝑡𝑟𝐻 (1 −

4

3
𝑃2 +

1

3
𝑃3), 

(2-35) 

 

𝜆3 =
1

4
𝑡𝑟𝐻(1 − 𝑃3). 

(2-36) 

 

With this relation between the IPP and H eigenvalues described above, the Characteristic 

decomposition (Eq. (2-30)) can be rewritten in terms of 𝑃1, 𝑃2, 𝑃3 in the following way: 

𝑀 = 𝑃1(𝑚00𝑀̂𝐽0) + (𝑃2 − 𝑃1)(𝑚00𝑀̂1) + (𝑃3 − 𝑃2)(𝑚00𝑀̂2)

+ (1 − 𝑃3)(𝑚00𝑀̂3). 
(2-37) 

Therefore, these indices can be directly interpreted through the Characteristic 

decomposition of the system: 

• 𝑷𝟏 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. 

• 𝑷𝟐 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).  

• 𝑷𝟑 measures the combined contribution of the first three eigenvalues relative to 

the fourth. A high P3 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: 

𝑷𝟏 𝑷𝟐 𝑷𝟑 𝑴 Characteristics 

1 1 1 𝑚00𝑀̂𝐽0 pure Mueller matrix 

0 1 1 𝑚00𝑀̂1 only 2D depolarizer 

0 0 1 𝑚00𝑀̂2 only 3D depolarizer 

0 0 0 𝑚00𝑀̂3 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]:  

𝑃∆ = √
2𝑃1

2

3
+
2𝑃2

2

9
+
𝑃3
2

9
 , 

(2-38) 

 

From Eq. (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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 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] 

𝐷 = |𝑫| =
√𝑚01

2 +𝑚02
2 +𝑚03

2

𝑚00
 

 (0 ≤ 𝐷 ≤ 1) 
Selective absorption of polarized 
light depending on the incident 

polarization state of light. Arrow 
Diattenuation 
(𝐷𝐴) [110,132] 

𝐷𝐴 ≡ 𝑚𝑅𝐼𝐷 (0 ≤ 𝐷𝐴 ≤ 1) 

Polarizance 
(𝑃) [123,124]  

𝑃 = |𝑷| =
√𝑚10

2 +𝑚20
2 +𝑚30

2

𝑚00
 

(0 ≤ 𝑃 ≤ 1) Selective polarization of light into a 
particular polarization state. 

Arrow 
Polarizance (𝑃𝐴)60,69 

𝑃𝐴 ≡ 𝑚𝑅𝑂
𝑇 𝑃  (0 ≤ 𝑃𝐴 ≤ 1) 

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

Birefringence 

Total 
retardance 

(Δ)  [123,124] 

Δ = 𝑐𝑜𝑠−1 |
𝑡𝑟(𝑚𝑅𝑖)

2
− 1| (0 ≤ Δ𝑖 ≤ 𝜋) 

Phase change introduced 
between the components 
of light without intensity 

attenuation. 

Azimuth angle 
(𝜑𝑅)  [123,124]  

𝜑𝑅𝑖 =
1

2
𝑡𝑎𝑛−1 (

𝑚𝑅𝑖31 −𝑚𝑅𝑖13
𝑚𝑅𝑖23 +𝑚𝑅𝑖32

)     (0 ≤ 𝜑𝑅𝑖 < 𝜋) 

 

Azimuth angle of total 
retardance in the Poincaré 

Sphere. 

Ellipticity angle 
(𝜒𝑅)  [123,124] 

𝜒𝑅𝑖 =
1

2
𝑠𝑖𝑛−1(𝑅𝑖(𝑚𝑅𝑖12 −𝑚𝑅𝑖21))    

(−𝜋 4⁄ ≤ 𝜒𝑅𝑖 ≤
𝜋
4⁄ ) 

Ellipticity angle of total 
retardance in the Poincaré 

Sphere. 

Linear 
retardance 
(𝛿)  [133] 

𝛿𝑖 = 

cos−1 (√(𝑚𝑅𝑖11 +𝑚𝑅𝑖22)
2 + (𝑚𝑅𝑖21 −𝑚𝑅𝑖12)

2 − 1) 

Phase change introduced 
between the linear 

polarized components of 
light without intensity 

attenuation. 

Optical 
rotation 

(𝜓𝑖) [133] 

𝜓𝑖 = 𝑡𝑎𝑛
−1 (

𝑚𝑅𝑖21 −𝑚𝑅𝑖12
𝑚𝑅𝑖11 +𝑚𝑅𝑖22

) 

 

Optical rotation of the 
linear retarder. 

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

Depolarization Index 
(𝑃∆) [127,128] 

𝑃∆ = √
𝑃2

3
+
𝐷2

3
+ 𝑃𝑆

2 = √
2𝑃1

2

3
+
2𝑃2

2

9
+
𝑃3
2

9
, 

(0 ≤ 𝑃∆ ≤ 1) 

Overall depolarization 
capacity of the sample. 

Spherical Purity 
 (𝑃𝑠) [129]  

𝑃𝑠 =
‖𝑚‖2

√3
 , (0 ≤ 𝑃𝑠 ≤ 1) 

Connects depolarization with 
birefringent sources. 

Arrow parameters 
(𝑎1, 𝑎2, 𝑎3) [110,132] 

𝑚𝐴 = 𝑑𝑖𝑎𝑔(𝑎1, 𝑎2, 𝜖𝑎3), 
1 ≥ 𝑎1 ≥ 𝑎2 ≥ 𝑎3 ≥ 0 

Depolarization information 
mixed with dichroic 

characteristics. 

Indices of 
Polarimetric Purity 

(𝑃1, 𝑃2, 𝑃3) [135,136]  

𝑃𝑛 =
1

𝑡𝑟𝐻
∑𝑘(𝜆𝑘−1 − 𝜆𝑘),

𝑛

𝑘=1

 𝑘 = 1,2,3 

0 ≤ 𝑃1 ≤ 𝑃3 ≤ 𝑃3 ≤ 1 

Depolarization capability of 
samples, each one of the 
indices can be related to 
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 𝑃1, 𝑃2 and 𝑃3) 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.  

 Purity Space  

The Purity Space is the volume generated by the triplet (𝑃1, 𝑃2, 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 𝑃3 metric corresponds to the z axis (height of the tetrahedron) 

and 𝑃1 and 𝑃2 correspond to the x and y axes, respectively. 

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 (𝑃1 = 𝑃2 = 𝑃3 = 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). 

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

contained. 
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The purple point represents an ideal depolarizer ( 𝑃1 = 𝑃2 = 𝑃3 = 0 ) (any input 

polarization is fully depolarized), which is located at the at the origin and, lastly, the green 

point (0 ≤ 𝑃1 ≤ 𝑃2 ≤ 𝑃3 ≤ 1) represents a partial depolarizer (the depolarization induced 

to incident light depends on the input state of polarization).  

It is worth noting that, 𝑃1 and 𝑃2 set the position of the depolarizer in a plane for a 

constant value of 𝑃3 and, 𝑃3 represents the height of such a plane in the Purity Space (z 

axis). Under this scenario, giving a value of 𝑃3, the possible values that the other two IPP, 

𝑃1 and 𝑃2, are allowed to achieve decrease as 𝑃3 gets close to (0,0,0), as evidenced by the 

constrain given in Eq. (2-32).  

 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 Eqs. (2-8) and (2-9)) giving rise to this space is the following [129]: 

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 + 𝐷2 ≤ 1 + 3𝑃𝑆
2 .  (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/√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.  

 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.  

 

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]: 

𝐒 = 𝐷𝑜𝑃(

1
𝑐𝑜𝑠2𝜑𝑐𝑜𝑠2𝜒

𝑠𝑖𝑛2𝜑𝑐𝑜𝑠2𝜒

𝑠𝑖𝑛2𝜒

), (3-1) 

  

where 𝜑  and 𝜒  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 (𝜑, 𝜒). 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 

Figure 3-1 Representation of the polarization state generator (PSG; a) and polarization state 

analyzer (PSA; b) optical components arrangement. 
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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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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)×2056(V) resolution, and cell 

size of 3.45μm×3.45μm, so a spatial resolution of 22μm is achieved.  

 

 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.  

Figure 3-2 Representation of the complete image Mueller polarimeter at scattering 

configuration; (a) schematic image and (b) photographic image. 
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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 (0º, 45º, 90º and 135º 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].  

 

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 𝑆𝐺, 

Figure 3-3 Representation of the Poincaré sphere with an ideal calibration basis. Polarimetric 

states 𝑆̂1, 𝑆̂2, 𝑆̂3 and 𝑆̂4 are the four linear polarized states distributed in a uniform way in the 

equator of the spere. 𝑆̂5 and 𝑆̂6 represent the two circular polarized states. 
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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 (𝑆𝐺) and retrieving the experimental analyzers base (𝑆𝐴) 

by following an inversion method [143].  

The PSG is 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: 

𝐼 = 𝑆𝐴𝑀𝑎𝑖𝑟𝑆𝐺 , 
(3-2) 

 

where 𝑀𝑎𝑖𝑟 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 𝑀𝑎𝑖𝑟 , 𝑀𝑎𝑖𝑟 =

𝑑𝑖𝑎𝑔(1,1,1,1), we can obtain the analyzers base as: 

𝑆𝐴 = 𝐼 ∙ (𝑆̃𝐺
−1). (3-3) 

 

With this, we obtain the 6 polarization analyzers (rows in SA 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 𝑆𝐴  and 𝑆𝐺  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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𝐶𝑁 = ‖𝑋‖2 ∙ ‖𝑋
−1‖2, 

(3-4) 

 

where ‖  ‖2  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) = 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 𝑆𝐴 and 𝑆𝐺 

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.  

 

 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 (𝑆𝐺) is modified by the polarimetric characteristics of the sample 

(𝑀𝑆𝑎𝑚𝑝𝑙𝑒 ), resulting in a new state of polarization that is projected into the different 
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analyzers ( 𝑆𝐴)  set by the PSA, leading to a collection of intensity measurements. 

Mathematically, this situation can be written as: 

𝐼 = 𝑆𝐴𝑀𝑆𝑎𝑚𝑝𝑙𝑒𝑆𝐺 , 
(3-5) 

 

where I is a 6x6 intensities matrix related to the 36 possible combinations of SA and SG 

systems. To obtain the measure of 𝑀𝑆𝑎𝑚𝑝𝑙𝑒, we perform the pseudo-inverse matrices of 

𝑆𝐺 and 𝑆𝐴: 

𝑀𝑆𝑎𝑚𝑝𝑙𝑒 = (𝑆̃𝐴
−1) ∙ 𝐼 ∙ (𝑆̃𝐺

−1), 

 
(3-6) 

where 𝑆̃𝐴
−1  and 𝑆̃𝐺

−1  are the pseudo-inversed matrices of 𝑆𝐴  and 𝑆𝐺 , respectively. The 

pseudo-inverse form of matrix X can be given by: 

𝑋̃−1 = (𝑋𝑇𝑋)−1𝑋𝑇 , (3-7) 

𝑋̃−1 = 𝑋𝑇(𝑋𝑋𝑇)−1. (3-8) 

Depending on the properties of X, where (3-7) corresponds to the left inverse (𝑋̃−1𝑋 = 𝐼) 

and (3-8) is a right inverse (𝑋𝑋̃−1 = 𝐼). 

For the calculation of the pseudo-inversed matrix and further obtention of 𝑀𝑆𝑎𝑚𝑝𝑙𝑒, 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 0, respectively. 
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 Heart and tongue samples 

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.  

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 

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. 
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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 (l) 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. 

 Brain samples 

 

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. 

 

 

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. 
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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 I (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 II/III: 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.  

 
• Layer V: the internal pyramidal layer, populated by large projection cells, that 

convey the main extra-cortical outputs. 
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• Layer 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]. 

 

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 

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 I to VI in gray matter.  
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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 

specimens).  

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 

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

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

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 (slm), 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 °C for 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 µm-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 𝑃1  and 𝑃2  indices, being 𝑃3 = 1  in all cases. To get a 

response in the 𝑃3 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 𝑃1 and 𝑃2 that is originated by microscopic constituent elements 

of samples showing polarimetric anisotropy and (2) depolarization produced by isotropic 

depolarizers that affect also the 𝑃3  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 𝑷𝟑 = 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: 

𝑀 = 𝑚00∑𝛼𝑖𝑀̂𝑖 

𝑛

𝑖=1

; 𝛼𝑖 ≥ 0; ∑𝛼𝑖 = 1 

𝑛

𝑖=0

, (4-1) 

 

where 𝛼𝑖 is the weight of each 𝑀̂𝑖 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 𝑀̂𝑖 
conforming our simulated sample is oriented at a given angle (𝜃): 

𝑀̂𝑖(𝑥, 𝜃)  = 𝑀𝑟𝑜𝑡(−𝜃)𝑀̂𝑖(𝑥)𝑀𝑟𝑜𝑡(𝜃), 
(4-2) 

 

where 𝑀𝑟𝑜𝑡(𝜃) represent the rotation Mueller matrix (𝜃)  and 𝑀̂𝑖(𝑥) the normalized M of 
the polarimetric pure element under study that can be a linear diattenuator (LD) or a linear 
retarder (LR) [124]: 

𝑀𝑟𝑜𝑡(𝜃) = (

1 0
0 𝑐𝑜𝑠2𝜃

0 0
𝑠𝑖𝑛2𝜃 0

0 −𝑠𝑖𝑛2𝜃
0 0

𝑐𝑜𝑠2𝜃 0
0 1

) ; 0 ≤ 𝜃 ≤ 𝜋, (4-3) 

 

𝑀𝐿𝐷(𝑝𝑥 , 𝑝𝑦) =
1

2

(

 
 

𝑝𝑥
2 + 𝑝𝑦

2 𝑝𝑥
2 − 𝑝𝑦

2

𝑝𝑥
2 − 𝑝𝑦

2 𝑝𝑥
2 + 𝑝𝑦

2  
0   0
0   0

0   0
0   0

2𝑝𝑥𝑝𝑦 0

0 2𝑝𝑥𝑝𝑦)

 
 
; 0 ≤ 𝑝𝑥,𝑦 ≤ 1, 

(4-4) 

 

where  𝑝𝑥  and  𝑝𝑦 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 𝑝𝑥  and  𝑝𝑦  as (see Eq. (2-6)): 

𝐷 =
|𝑝𝑥
2 − 𝑝𝑦

2|

𝑝𝑥
2 + 𝑝𝑦

2 . 
(4-5) 

 

𝑀𝐿𝑅(𝜙) = (

1 0
0 1

0   0
0   0

0 0
0 0

𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜙
−𝑠𝑖𝑛𝜙 𝑐𝑜𝑠𝜙

) ; 0 ≤ 𝜙 ≤ 𝜋, (4-6) 

 

the angle 𝜙 is the phase shift introduced to the orthogonal components of the incident 
light field. The matrices 𝑀𝐿𝐷  and 𝑀𝐿𝑅  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 (𝑝𝑥 , 𝑝𝑦), retardance(𝜙) and orientation (𝜃) 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 (𝐴̅) and a variance (𝜎𝐴) that follow the 
Gaussian distribution.  

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

• 𝑛: number of matrices in the summation.  

• 𝛼𝑖 : weight of every term in the summation. We chose the same weight for all 

terms. 

• 𝑝̅𝑥𝑖, 𝑝̅𝑦𝑖 : mean values of the amplitude coefficients of the diattenuators in each 

interaction(0 ≤ 𝑝̅𝑥,𝑦 ≤ 1). 

• 𝜃̅: mean value of the orientation angle of the polarimetric element (diattenuator 

and retarder) in each interaction (0 ≤ 𝜃̅ ≤ 𝜋). This angle is arbitrary fixed to 𝜃̅ =

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 

• 𝜙̅: mean value of the retarder total retardance (0° ≤ 𝜙̅ ≤ 360°). 

• 𝜎𝑝𝑥 , 𝜎𝑝𝑦 , 𝜎𝜙, 𝜎𝜃: 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 from 𝑛 > 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. 

 Linear diattenuators 

The first depolarizers we describe are constituted by the incoherent addition of 

diattenuators (𝑀𝐿𝐷). Therefore, Eq. (4-1) for this case is given by: 

𝑀(𝑝𝑥𝑖, 𝑝𝑦𝑖 , 𝜃) = 𝑚00∑𝛼𝑖𝑀̂𝐿𝐷𝑖(𝑝𝑥𝑖, 𝑝𝑦𝑖 , 𝜃).

𝑛

𝑖=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 (𝑝𝑥𝑖, 𝑝𝑦𝑖 , 𝜃) as well as the 

number of interactions in the simulation (𝑛) and the weight of each component (𝛼𝑖). 

To simplify, we decided to vary only one of the amplitude coefficients, since both are 

equivalent, we arbitrary chose 𝑝𝑦 , fixing the value of 𝑝𝑥 .  Therefore, for each of the 

simulated depolarizers, we set a constant value for ( 𝑝̅𝑥 , 𝜃̅)  and for each term in the 

summation we vary the values of 𝑝̅𝑦, and, 𝜎𝜃. To conduct the simulations, for a fixed value 

of 𝑝̅𝑥, we perform a series of simulations varying the values of 𝑝̅𝑦 between 0 and 1 with 

steps of 0.003 and a null variance (𝜎𝑝𝑦 = 0). The mean value of the orientation angle is 

fixed to 𝜃̅ = 60° and its variance (𝜎𝜃) takes values between 0° and 180° with steps of 0.6°. 

Therefore, for each value of 𝑝𝑥, we perform  300 × 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 𝑃1, 𝑃2 and 𝑃3 

parameters are shown in Figure 4-1 and  Figure 4-2 corresponds to the 𝑃3 index, where we 

see that the behavior of 𝑃3 as a function of 𝜎𝜃 (y axis) and 𝑝̅𝑦 (x axis) is constant (𝑃3 = 1) 

independently of the value set for  𝑝𝑥. In Figure 4-2 (a)-(f)), each row corresponds to the 𝑃1 

and 𝑃2 values for different 𝑝̅𝑥  values (1, 0.5, 0.1; from top to bottom). In both cases, the 𝑥 

axis provides the values for the 𝑝̅𝑦 parameter, 𝑦 axis show the values for the variance of 

the orientation angle (𝜎𝜃) 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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The first interesting result is the behavior of 𝑃3. Figure 4-1 shows that the response in 

the 𝑃3  index is independent of the simulation control parameters, (𝑝̅𝑥control in the 𝑝̅𝑦, 𝜎𝜃), 

and it is always equal to 1. We can conclude that, by means of the incoherent addition of 

linear diattenuators the value of the 𝑃3 parameter is not affected. This result leads us to 

understand that the depolarization caused by dichroic structures cannot be assessed 

through the 𝑃3 channel, which must contain information distinct from this mechanism (as 

will be discussed later). 

 In contrast, we find interesting dependencies between the  𝑃1 and 𝑃2 channels with the 

studied control parameters, as shown in Figure 4-2, where both show very similar function 

distribution with 𝑝̅𝑥 , 𝑝̅𝑦  and 𝜎𝜃.  The general dependence of 𝑃1  and 𝑃2  in the control 

parameters (𝑝̅𝑦, 𝜎𝜃) is equivalent, however we find a vertical shift in 𝑃2  channel as 𝑝̅𝑥  

Figure 4-1 𝑃3  value of the simulated M composed by the incoherent addition of linear 

diattenuators. The 𝑥 axis represents the value of 𝑝𝑦 from 0 to 1, and the 𝑦 axis corresponds to 

𝜎𝜃, taking values from 0° to 180°. 
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increases. This situation is explained by the inequality shown in Eq. (2-32), which forces 𝑃2 

to have larger or equal values than 𝑃1.  

Interestingly, the depolarization response is very dependent on 𝜎𝜃 , 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  𝜎𝜃  the system does not present 

depolarization (𝑃1 = 𝑃2 = 𝑃3 = 1, dark blue in the images). Depolarization is achieved for 

values of 𝜎𝜃~18° (see red arrow in Figure 4-2 (a)), when values of 𝑃1 start to decrease from 

the non-depolarization case (𝑃1 = 1). In the 𝑃2 channel this effect starts for larger values 

Figure 4-2 Results for the 𝑃1 and 𝑃2 indices of the simulated M composed by the incoherent 

addition of linear diattenuators. The 𝑥 axis represents the value of 𝑝𝑦 from 0 to 1, and the 𝑦 

axis corresponds to 𝜎𝜃 , taking values from 0° to 180°. Each row corresponds to a 𝑝𝑥  value 

(1, 0.5, 0.1; from top to bottom). 
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of 𝜎𝜃 (𝜎𝜃~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 𝜎𝜃  parameter, has a threshold around 50°, where the 

maximum depolarization in 𝑃1  and 𝑃2  is achieved (𝑃1 = 𝑃2 = 0) and these values are 

maintained when increasing 𝜎𝜃 . These conditions also depend on the values of the 

attenuation parameters (𝑝̅𝑥 , 𝑝̅𝑦), we analyze these dependences in the following.  

We can further analysis the IPP regarding the similarities between the 𝑃1  and 𝑃2 

channels and the dependence with 𝑝̅𝑥  and 𝑝̅𝑦  parameters. In Figure 4-3 we present the 

results for 𝑃1 for a range of 𝑝̅𝑥  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 𝑃2 is the same but, with a vertical shift. In this case, 

we reduce the representation range of 𝜎𝜃 (0° − 90°) since the threshold for this parameter 

is around 50°. 

Figure 4-3 from (a) to (f) represents the decrease in the value of 𝑝̅𝑥  of the simulated 

samples. This increase represents a higher depolarization response in the images, see how 

the dark blue zone (no depolarization) decreases as 𝑝̅𝑥   takes lower values. Moreover, it is 

interesting to study the non-depolarizing zones; the white dashed line in the figures 

represents the 𝑝̅𝑥 = 𝑝̅𝑦  situation and corresponds to  𝑃1 = 𝑃2 = 𝑃3 = 1 . Recalling Eq. 

(4-4), for this case, the Mueller matrix of a diattenuator becomes the identity 

Figure 4-3 (a)-(f) 𝑃1  values for simulated samples composed by the incoherent addition of 

diattenuators, with 𝑝𝑥 = 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 𝜎𝜃, taking values from 0° to 90°. 
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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 𝑝̅𝑥  and 𝑝̅𝑦 values separate and 

𝑀 differs from the identity. The appearance of depolarization with respect both  𝑝̅𝑦  and  

𝜎𝜃 occurs earlier as 𝑝̅𝑥 value is lower. For instance, Figure 4-3 (e) and (f) with 𝑝̅𝑥 = 0.3 and 

𝑝̅𝑥 = 0.1 we see two high depolarization zones. In Figure 4-3 (e), the zone 0 < 𝑝̅𝑦 < 0.1 

have values of 𝑃1 from 0 to 0.65 and for 0.7 < 𝑝̅𝑦 < 1, 𝑃1 achieves depolarization values 

in 𝑃1 between 0.7 and 0.5. In Figure 4-3 (f), 𝑃1 decreases until 0 − 0.5  in the range 0 <

𝑝̅𝑦 < 0.1 and for  0.4 < 𝑝̅𝑦 < 1 𝑃1 is around 0.6 − 0.4. The values of 𝑃2 are almost the 

same and,  𝑃2 = 1 for all cases. These corresponds to 𝜎𝜃 > 18° for 𝑃1 and 𝜎𝜃 > 22° for 𝑃2. 

Regarding the above-stated results, we observe that the depolarizing effect becomes 

more pronounced as the relative difference between 𝑝̅𝑥  and 𝑝̅𝑦 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 𝑝̅𝑥  and 𝑝̅𝑦  is combined. Figure 4-4 shows 

the values of 𝐷 obtained from the Mueller matrices resultant from the incoherent addition 

of linear diattenuators with 𝜎𝜃 = 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. 

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 𝑝̅𝑥 = 𝑝̅𝑦 

Figure 4-4 Value of diattenuation for the incoherent addition of linear diattenuators with 𝜎𝜃 =

0° , 𝑥 and 𝑦  axes correspond to 𝑝̅𝑥 and 𝑝̅𝑦 parameters, from 0 to 1. 



Depolarizers simulations 𝑷𝟑=𝟏    81 
 

(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 (𝑃1 = 𝑃2 =

𝑃3 = 1). That is, 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 (𝑝̅𝑥 ≠ 𝑝̅𝑦 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 𝑝̅𝑥 and 𝑝̅𝑦 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 𝑝̅𝑥 = 0.7 and 𝑝̅𝑥 =

0.3, respectively, with 𝑝̅𝑦 taking values in its full range. Following the purple dashed line, 

we see how the value of 𝐷 increases with  𝑝̅𝑦, reaching the maximum value of 𝐷 = 1 when 

the dashed purple line intersects with the diagonal red line (i.e., 𝑝̅𝑦 = 0.3; corresponding 

to the 𝑝̅𝑥 = 𝑝̅𝑦 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 𝑝̅𝑥 =

0.7. By analyzing the behavior of 𝐷, the values equal or near 1 correspond to the zone 

where the range of 𝑝̅𝑦 is (0 − 0.3); this corresponds to the left part in the image. In this 

case, for values of 𝜎𝜃  higher than the mentioned limit, the system depolarizers 

anisotropically. However, as 𝑝̅𝑦 increases (𝐷 decreases) the depolarization capability of the 

system is lost because the system becomes less dichroic. 

 

 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, 𝛼𝑖 and 𝜃̅ are the same (𝑛 = 1500, 

𝜃̅ = 60° and 𝛼𝑖 equal for all terms) and the incoherent addition of liner retarders 𝑀̂𝐿𝑅𝑖 is : 

𝑀(𝜙, 𝜃) = 𝑚00∑𝛼𝑖𝑀̂𝐿𝑅𝑖(𝜙𝑖, 𝜃) 

𝑛

𝑖=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 𝑃1 , 𝑃2  and 𝑃3 

indices. The 𝑥 axis represents the mean value of the retardance, with values from 0° to 

360° and null variance (𝜎𝜙 = 0) and the 𝑦 axis represents the variance of the orientation 

from 0° to 180.   

In this case, the analysis of Figure 4-5 shows the same behavior of 𝑃3 than in the case of 

the diattenuators, 𝑃3 = 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 𝑃3 remains unaffected. In contrast, 𝑃1 and 𝑃2 are the 

channels sensitive to the statistical distribution of these constituent polarimetric elements. 

However, we do find differences in the results for 𝑃1 and 𝑃2, 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 𝑃1 and 𝑃2, respectively). If we inspect Eq. (4-6), values of 𝜙̅ 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); 

𝑃1 = 𝑃2 = 𝑃3 = 1 ). Depolarizing zones correspond to values for  40° < 𝜙̅ < 320°  and 

orientation disorder of the retarders 𝜎𝜃 > 10° (see Figure 4-5 (a)). 𝑃1 takes values from 0.9 

to 0 and 𝑃2 from 1 to 0. In the same way as the diattenuators, depolarization is obtained 

for 𝜎𝜃 > 10°, reaching values of 𝑃1 < 1. In the case of 𝑃2 channel, values lower than 1 are 

obtained for a higher disorder (𝜎𝜃 > 20°). In addition, there is a threshold value for 𝜎𝜃 

above which depolarization stops increasing, 𝜎𝜃~50º (see Figure 4-5 (b)).  More in detail 

in Figure 4-5 (a) and (b) distributions, the index 𝑃1 shows one minimum valley, whereas 𝑃2 

channel shows two (i.e. 𝑃1 distribution between 𝜙̅ [0° − 360°] range occurs as well for the 

Figure 4-5 Results for the IPP of the simulated M composed by the incoherent addition of linear 

retarders.  (a) 𝑃1, (b) 𝑃2 and (c) 𝑃3, where the 𝑥 axis represents the value of 𝜙 from 0° to 360°, 

and the 𝑦 axis corresponds to 𝜎𝜃, taking values from 0° to 180°. 
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𝑃2 channel, but in the 𝜙̅ [0° − 180°] range, and it is doubled in the full range. For values of 

𝜙̅  close to 180° , 𝑃1 = 0  and 𝑃2 = 1 , this situation corresponds to a 𝑀 =

𝑑𝑖𝑎𝑔(1,1,−1,−1). Therefore, with the index 𝑃1 we can be able to differentiate between 

this case and the above-discussed scenario of 𝜙̅ near 0° and 360°. This difference between 

𝑃1 and 𝑃2 is useful to distinguish between depolarizers constituted by linear retarders with 

different mean retardance values. For instance, 𝜙̅ = 90° leads to 𝑃1 and 𝑃2 values close to 

zero, a value 𝜙̅ = 180° to 𝑃1 = 0 and 𝑃2 = 1 and a value of 𝜙̅ = 0° or 360°  to 𝑃1 = 1 and 

𝑃2 = 1. Importantly, this diversity between 𝑃1 and 𝑃2 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. 

To achieve a more complete analysis, Figure 4-6 shows the dependence of the IPP in 

terms of the variance of the retardance (𝜎𝜙) and the variance of the orientation (𝜎𝜃) for 

different values of 𝜙̅. 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°. 

Figure 4-6 Results for the 𝑃1 (first and third columns) and 𝑃2 (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. 
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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 𝜎𝜃  and 𝜎𝜙 ) no depolarization is present 

(𝑃1 = 𝑃2 = 𝑃3 = 1; dark blue color). In all cases, depolarization is zero for 𝜎𝜃 < 10° and 

𝜎𝜃 < 10°  (see 𝑃1  images in the figure). An increase in the value of the variances is 

translated into larger depolarization capability, that is, lower values for 𝑃1  and 𝑃2. 

Regarding the dependence of depolarization with the main value of the retardance 𝜙̅ in 

Figure 4-6 (a) to (j) we observe that, as the value of 𝜙̅  increases, the dark blue zone 

decreases, that is, a higher value of the mean retardance produces depolarization for more 

values of the combination 𝜎𝜃  and 𝜎𝜙 . This occurs for 𝜙̅ < 160°, when the value of 𝜙̅ 

approaches 180° the value of 𝑃2 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 2π 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 𝑃1 and 

𝑃2 depolarization channels. 

We omit the images for the 𝑃3 channel to avoid redundancy, 𝑃3 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 𝑃3 value.  

 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 (𝑀𝑐𝑜𝑚𝑏,𝑖) as the ordered product 

of a diattenuator (𝑀̂𝐿𝐷𝑖) and a retarder (𝑀̂𝐿𝑅𝑖): 

𝑀̂𝑐𝑜𝑚𝑏,𝑖 = 𝑀̂𝐿𝐷𝑖(𝑝𝑥𝑖, 𝑝𝑦𝑖)𝑀̂𝐿𝑅𝑖(𝜙). 
(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, 𝑀̂𝑐𝑜𝑚𝑏,𝑖 , whose four 

different control parameters are: attenuations (𝑝̅𝑥 , 𝑝̅𝑦) , retardance (𝜙̅) and the variance 

of the orientation (𝜎𝜃), where the angle (𝜃̅) refers here to a rotation of the whole structure 

𝑀̂𝑐𝑜𝑚𝑏,𝑖 . 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 𝑃1 and 𝑃2 parameters, we omit the 𝑃3 images because 

for this case it is also always equal to 1. Again, 𝑃3 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 (𝜙̅) 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 𝜎𝜃 and 𝜙̅ 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, 𝑃1 and 𝑃2 have the same response (as in section 4.1.2), 

with a vertical shift due to the inequalities among the IPP. 

 

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

addition of simple polarimetric elements (retarders and diattenuators), do not modify the 

Figure 4-7 Results for the 𝑃1 and 𝑃2 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. 
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value of the 𝑃3 index (𝑃3 = 1 in all cases). However, when studying 𝑃1 and 𝑃2 parameters we 

observe that they have a significant dependence on the model parameters: attenuations and 

diattenuation (𝑝𝑥 , 𝑝𝑦  and 𝐷), retardance and variances of retardance (𝜙) and orientation 

(𝜎𝜃, 𝜎𝜙 ). 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 𝑃3 < 1. This leads to a question: what mechanisms are 

responsible for reducing the 𝑃3  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 𝑷𝟑 < 𝟏 

Real depolarizing systems usually have values of 𝑃3 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 𝑃3 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 𝑃3 < 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 𝑃1, corresponds to the pure or non-depolarizing part of the system; the second 

and third terms, weighted by 𝑃2 − 𝑃1 and 𝑃3 − 𝑃2, 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 𝑃3 value because 

a perfect depolarizer accomplishes 𝑃3 = 0 (and thus, 𝑃1 = 𝑃2 = 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 𝑃3 . 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 (𝑀𝑖𝑠𝑜) representing the perfect 

depolarizer contribution: 

𝑀 = 𝑚00𝑀̂ =∑𝛼𝑖(𝑚00𝑀̂𝑖)

𝑛′

𝑖

+∑𝛽𝑗(𝑚00𝑀̂𝑖𝑠𝑜)

𝑚

𝑗

;

𝛼𝑖, 𝛽𝑗 ≥ 0; ∑𝛼𝑖

𝑛′

𝑖

+∑𝛽𝑗 = 1

𝑚

𝑗

 ,

 (4-10) 

 

where 𝑛′ +𝑚 = 𝑛. In section 4.1, the simulations considered correspond to the first term 

of the summation (∑ 𝛼𝑖(𝑚00𝑀̂𝑖)
𝑛′
𝑖 ). In this section, we divide the terms in the contributions 

of 𝑀̂𝑖  (𝑛
′ ) and 𝑀̂𝑖𝑠𝑜  (𝑚 ). The second term (𝑀̂𝑖𝑠𝑜) , is the perfect depolarizer (𝑀̂𝑖𝑠𝑜 =

𝑑𝑖𝑎𝑔(1,0,0,0)), so it can be written as: 

∑𝛽𝑗(𝑚00𝑀̂𝑖𝑠𝑜)

𝑚

𝑗

= 𝛽𝑚00𝑀̂𝑖𝑠𝑜,

𝛽 =∑𝛽𝑗

𝑚

𝑗

,

 (4-11) 

and Eq. (4-10) can be expressed as follows: 

𝑀 = 𝑚00𝑀̂ =∑𝛼𝑖(𝑚00𝑀̂𝑖)

𝑛′

𝑖

+ 𝛽𝑚00𝑀̂𝑖𝑠𝑜. 
(4-12) 

 

In section 4.1 we show the depolarization effect of the first term in Eq. (4-12), leading to 

𝑃3 = 1 in all cases. The second term leads to 𝑃3 = 0 in all cases because as said, the IPP 

calculated for 𝑀̂𝑖𝑠𝑜  are 𝑃1 = 𝑃2 = 𝑃3 = 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 𝛽, 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 𝑃3 and 𝛽. 

 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 𝑝̅𝑦 takes values between 0 and 1, 𝜎𝜃 ranges from 0° to 180°,  𝑝̅𝑥  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 

𝛽 governing the isotropic component is set to  𝛽 = 0.2 for Figure 4-8 (a)-(c) and (g)-(i) and 

𝛽 = 0.6 for Figure 4-8 (d)-(f) and (j)-(l). 

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 𝑃1 , 𝑃2  and 𝑃3  with the control parameters 𝑝̅𝑥 , 𝑝̅𝑦  and 𝜎𝜃  is the same as in 

section 4.1.1. Interestingly, although the value of 𝑃3  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 𝛽.  Consequently, although the 

structure of 𝑃1  and 𝑃2  is equivalent to the case without isotropic depolarization, their 

range of values is reduced when 𝑃3 decreases, due to the inequality described in Eq. (2-37) 

(0 ≥ 𝑃1 ≥ 𝑃2 ≥ 𝑃3 ≥ 1). In particular, as the value of 𝛽 increases, that is, as the weight of 

the isotropic component in the simulation increases, the value of 𝑃3 decreases. In Figure 

4-8 (c) and (i), showing the 𝑃3 value for two different 𝑝𝑥  cases (0.9 and 0.4 respectively) 

and with 𝛽 set to 0.2, the depolarization variations dependence with 𝑝𝑥  are seen in 𝑃1 and 

𝑃2  channels, but 𝑃3  decreases to the same constant value of 𝑃3 = 0.8  in both cases. 

Importantly, note how 𝑃1  and 𝑃2   still maintains the previous dependence with the 

anisotropic control parameters but with the range of values decreased due to the stated 

reduction of the 𝑃3 value. This behavior happens until the limit where 𝛽~1 (corresponding 

to 𝑃3 = 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  𝑃3 with higher isotropic content, 𝛽 = 0.6. In this case, 𝑃3 decreases to 0.4. 𝑃1 
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and 𝑃2 also show the same dependence with anisotropic parameters (see Figure 4-1) and 

a decrease in their values due to the added isotropic term. 

 

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  𝑝𝑦 

and the variation of orientation 𝜎𝜃, respectively. The two first rows correspond to systems with 

a constant value of 𝑝̅𝑥 = 0.9 and the second last rows to 𝑝̅𝑥 = 0.4. In both cases, the first set 

of IPP ((a)-(c) and (g) to (i)) represents the results for 𝛽 = 0.2 and, the in IPP images in (d) to (f) 

and (j) to (l) the weight of the isotropic term is 𝛽 = 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 𝜙̅ and 

varying the standard deviation of both orientation (𝜎𝜃 ∈ [0,180])  and retardance (𝜎𝜙 ∈

[0,180]) angle. The weight of the isotropic term is 𝛽 = 0.2 for the first row and 𝛽 = 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  𝛽 = 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, 𝛽. 

For a further analysis, in , Figure 4-9 (a)-(f), we show the results for the case of fixing 

𝜎𝜙 = 0 and varying 𝜎𝜃 in the range [0°, 180°] and the 𝜙̅ ∈ [0°, 360°]. The first and second 

row in this set of images correspond to 𝛽 = 0.2  and 𝛽 = 0.6 , respectively. Figure 4-6 

represents the same simulation without the isotropic term (𝛽 = 0).  The results are in 

agreement to the ones described above. 

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 𝜎𝜙 and 

orientation 𝜎𝜃, respectively for a constant value of retardance 𝜙̅ = 20° .  First row and second 

row correspond to 𝛽  values of 0.2 and 0.6, respectively. 
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Summarizing, we prove that the 𝑃3 channel of the IPP is sensitive to the contribution 

of the isotropic term, added to the simulations (𝛽𝑚00𝑀̂𝑖𝑠𝑜 ), in depolarizing systems, 

whereas the 𝑃2 and 𝑃1 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 𝑃3  for the presented examples show a 

homogeneous color, maintaining the independence of 𝑃3 values in the 𝑥 and 𝑦 axes values 

(and any other anisotropic related parameter). In contrast, 𝑃3  has a direct and linear 

dependence with 𝛽 (see Figure 4-10). 

This dependency between 𝑃3  and 𝛽  can be obtained through the study of the 

Characteristic decomposition (Eq. (2-37)). Since 𝑀̂3 = 𝑀̂𝑖𝑠𝑜, by comparing Eq. (2-37) with 

Eq. (4-12) we can find the following relation: 

𝛽𝑚00𝑀̂𝑖𝑠𝑜 = (1 − 𝑃3)(𝑚00𝑀̂3) 
(4-13) 

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  𝜙̅  and orientation variation 𝜎𝜃 , 

respectively for a constant value of retardance variance 𝜎𝜙 = 0°.  First row and second row 

correspond to 𝛽  values of 0.2 and 0.6, respectively. 
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and thus, 𝛽 = 1 − 𝑃3. This analytical result agrees with the values of 𝑃3 for the different 

simulations we shown in this section. Moreover, considering the relation between the 

weight of the anisotropic (𝛼𝑖) and isotropic (𝛽) term (Eq. (4-10)) together with  𝛽 = 1 − 𝑃3, 

we obtain: 

1 =∑𝛼𝑖

𝑛′

𝑖

+ 𝛽 =∑𝛼𝑖

𝑛′

𝑖

+ (1 − 𝑃3) →∑𝛼𝑖

𝑛′

𝑖

= 𝑃3. 
(4-14) 

With this, we can reformulate Eq. (4-12) and express the weight of each component in 

terms of 𝑃3. To this aim, we define the following normalized Mueller matrix 𝑀̂𝐴: 

∑𝛼𝑖𝑀𝑖 = 𝑃3𝑀̂𝐴

𝑛′

𝑖

→ 𝑀̂𝐴 =
1

𝑃3
∑𝛼𝑖𝑀𝑖

𝑛′

𝑖

. (4-15) 

Then, the equation can be written as: 

𝑀 = 𝑃3𝑚00𝑀̂𝐴 + (1 − 𝑃3)(𝑚00𝑀̂3), 
(4-16) 

 

where, 𝑀̂𝐴  is defined by Eq. (4-16) and 𝑀̂3 = 𝑀̂𝑖𝑠𝑜 . Note that both the weights of the 

isotropic (𝑚00𝑀̂3) and anisotropic (𝑚00𝑀̂𝐴) contributions in the final Mueller matrix are 

controlled by 𝑃3. For 𝑃3 = 1 the isotropic term is zero (no isotropic depolarization), and 

thus, all the depolarization arises from anisotropic sources. In contrast, for 𝑃3 = 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 <

𝑃3 < 1 both depolarizing origins (isotropic and anisotropic) coexist, and the predominant 

effect is set by the value of 𝑃3 , this is the more common scenario when measuring 

macroscopic biological samples. Under this scenario, we obtain an interesting and 

fundamental result, giving channel 𝑃3 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 × 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 ROI is equivalent 

to the 𝑀𝑖 in Eq. (4-7)). This element can be considered as a diattenuator with large 𝑝𝑥  value 

(𝑝𝑥~1)  and low 𝑝𝑦 value (𝑝𝑦~0).  The orientation angle varies between 0 and 2𝜋 through 

the different sectors, therefore we consider that the variation of the diattenuators angle in 

the ROI is 2𝜋.  

To provide also the experimental proof for the retarders, the second experiment 

consists of measuring the Mueller matrix image of a liquid crystal q-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 𝜋  radians for the wavelength of 633 nm) and whose 

neutral axes orientation changes with the spatial position, achieving orientations between 

0 and 2𝜋 [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 × 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.  

 Note that the Mueller matrices resulting from the addition of the individual-pixels 
Mueller matrices within the select ROIs 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 q-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. I. Estévez in the University 

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 2𝜋); 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 𝜋 for 633 nm of illumination) with different orientations, between 0 

and 2𝜋 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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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 ROI was 70 × 70 pixels and in the case of the white paper it was a 150 × 150. 

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

are presented:  

 𝑷𝟏 𝑷𝟐 𝑷𝟑 

Radial polarizer 0.163 0.876 1 

Q plate 0.288 0.727 1 

Diffuser 0.05 ± 0.02  0.11 ± 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 𝑀𝑠  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 𝑃3 is always 

equal to 1. In both cases inspected we obtain depolarization, since 𝑃1 and 𝑃2 are lower 

than 1, but 𝑃3 = 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 𝑀𝑠 

obtained from the samples with isotropic depolarization contribution. As expected, 𝑃3 ≠ 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 𝑃3 = 0.200 and the white paper 𝑃3 = 0.294. The fact 

that 𝑃3 ≠ 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 
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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 ROIs. 

In the case of the radial polarizer and the q-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 𝑃1 

and 𝑃2  channels, but 𝑃3  was equal to 1 in all the cases (anisotropic depolarization). To 

obtain response in the 𝑃3 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 𝑃3  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 𝑃3 = 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 𝑃1 and 𝑃2, 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 



Interpretation of the results in the Purity Space and Characteristic decomposition 97 
 

depolarization in anisotropic systems, we will never be able to reach a fully depolarizer 

(𝑃1 = 𝑃2 = 𝑃3 = 0), neither any depolarizer out of the 𝑃3 = 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°.  

 

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 𝑃3. Since 

𝑃3 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 𝑃3  value. Samples with 𝑃3 = 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 

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, q-plate, diffuser and white paper, 

respectively. 
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between 𝑃3 and the weight of the isotropic depolarization term (𝛽):  𝑃3 = 1 −  𝛽. That is, 

the 𝑃3 value decreases as 𝛽 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 (q-plate and radian polarizer) are located in 

the top surface of the volume (𝑃3 = 1 ) and the samples presenting some amount of 

isotropic depolarization are located in positions at the lower part of the volume (𝑃3 ≠ 1). 

The orange and green stars in the top surface correspond to the radial polarizer 

(0.163, 0.876 ,1) and the q-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.  



 

 
 

Chapter 5 Depolarization Filter 

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: 

𝑀 = 𝑃3𝑚00𝑀̂𝐴 + (1 − 𝑃3)(𝑚00𝑀̂3), 
(5-1) 

where 𝑀̂𝐴  and 𝑀̂3 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)(𝑚00𝑀̂3) from the 

raw Mueller matrix: 

𝑀𝑎 = 𝑀 − (1 − 𝑃3)(𝑚00𝑀̂3) 
(5-2) 

where 𝑀𝑎  denotes the filtered Mueller matrix. Note that the application of this filter is 

equivalent to impose the condition of 𝑃3 = 1  to Eq. (5-1), which corresponds to the 

scenario where no isotropic depolarization is present. Considering the Characteristic 

decomposition (Eq. (2-37)) we can identify 𝑀𝑎  as the first three terms of such 

decomposition: 

𝑀𝑎 = 𝑃1(𝑚00𝑀̂𝐽0) + (𝑃2 − 𝑃1)(𝑚00𝑀̂1) − (1 − 𝑃2)(𝑚00𝑀̂2). 
(5-3) 
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Therefore, the application of the isotropic depolarization filter eliminates the element in 

the decomposition representing isotropic depolarization (𝑀̂3).  

As said, the filtered Mueller matrix 𝑀𝑎 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 𝑀𝑎. 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 𝑀𝑎  and the unfiltered Mueller Matrix M are identical except for the first 

element, m₀₀. This becomes evident when analyzing the relationship given in Eq. (5-2), if 

taking into account that 𝑀̂3 = 𝑑𝑖𝑎𝑔(1,0,0,0). Under this scenario, the relation between 

the elements of the Mueller matrix before (𝑚𝑖𝑗) and after (𝑚𝑎𝑖𝑗) applying the filter is given 

by  𝑚𝑎𝑖,𝑗 = 𝑚𝑖,𝑗, except for the case 𝑖 = 𝑗 = 0, which follows the relation: 

𝑚𝑎00 = 𝑚00 − (1 − 𝑃3)𝑚00 = 𝑃3𝑚00. 
(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 𝑀𝑎. The normalization of the matrix consists of 

dividing all elements of the matrix by the previously obtained factor 𝑃3𝑚00: 

𝑀𝑎 = 𝑃3𝑚00

(

 
 
 
 

 

1
𝑚01

𝑃3𝑚00
𝑚10

𝑃3𝑚00

𝑚11

𝑃3𝑚00

𝑚02

𝑃3𝑚00

𝑚03

𝑃3𝑚00
𝑚12

𝑃3𝑚00

𝑚13

𝑃3𝑚00
𝑚20

𝑃3𝑚00

𝑚21

𝑃3𝑚00
𝑚30

𝑃3𝑚00

𝑚31

𝑃3𝑚00

𝑚22

𝑃3𝑚00

𝑚23

𝑃3𝑚00
𝑚32

𝑃3𝑚00

𝑚33

𝑃3𝑚00

 

)

 
 
 
 

. (5-5) 

 

After normalization, all the elements in 𝑀𝑎 (except the first element that becomes equal 

to 1) are affected by the factor 𝑃3𝑚00, 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  𝑃3 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 

(𝑃1, 𝑃2 and 𝑃3), depolarization index (𝑃Δ) 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 𝑀𝑎 . 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 𝑃3(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.  

  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: 

𝐷′ =
√𝑚01

2 +𝑚02
2 +𝑚03

2

𝑚00𝑃3
,  𝑃′ =

√𝑚10
2 +𝑚20

2 +𝑚30
2

𝑚00𝑃3
 . (5-6) 
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Thus, the relation between these observables before (see Eq. (2-6)) and after the filter is 

clear: 

𝐷′(𝑥, 𝑦) =
𝐷(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
,  𝑃′(𝑥, 𝑦) =

𝑃(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
. (5-7) 

 

The effect of the filter in the dichroic observables is the division of the original values by 

𝑃3(𝑥, 𝑦). This implies that, the higher is the isotropic depolarization (lower 𝑃3 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. 

 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 (𝑃Δ) 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(𝑀𝑎). The 

elements of the covariance matrix are calculated by the linear combinations of different 

elements of 𝑀, and importantly, the 𝑚00 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(𝑀𝑎) 

as: 

𝐻(𝑀𝑎) = 𝐻(𝑀) − (1 − 𝑃3)(𝑚00𝕀), 
(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(𝑀𝑎), 𝜆′𝑖, for the obtention of the filtered IPP. The diagonalization calculus 

for the filtered covariance matrix can also be related to the matrix before filtering: 

𝐻(𝑀𝑎) − 𝜆
′𝕀 = 0 → 𝐻(𝑀) − (1 − 𝑃3)(𝑚00𝕀) − 𝜆

′𝕀,
 

𝐻(𝑀) − (𝜆′ + (1 − 𝑃3)𝑚00)𝕀 = 0;
 (5-9) 

 

𝜆 = 𝜆′ − (1 − 𝑃3)𝑚00, 
(5-10) 

where 𝜆 and 𝜆′ correspond to the eigenvalues of 𝐻(𝑀) and 𝐻(𝑀𝑎), 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): 

𝑃𝑛 =
1

𝑡𝑟𝐻
∑𝑘Δ𝜆𝑘

𝑛

𝑘=1

, 𝑛 = 1,2,3; (5-11) 

where Δ𝜆𝑘 = 𝜆𝑘−1 − 𝜆𝑘 and 𝑡𝑟𝐻 = 𝑚00. Therefore, with these relations and the equation 

(5-12), the filtered IPP can be obtained as: 

𝑃′𝑛 =
1

𝑡𝑟𝐻(𝑀𝑎)
∑𝑘Δ𝜆𝑎𝑘

𝑛

𝑘=1

=
1

𝑃3𝑡𝑟𝐻
∑𝑘Δ𝜆𝑘

𝑛

𝑘=1

=
1

𝑃3
𝑃𝑛

↓

𝑃′𝑛(𝑥, 𝑦) =
𝑃𝑛(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
,

 (5-12) 

 

where Δ𝜆𝑎𝑘 = (𝜆𝑘−1 − 𝑃3) − (𝜆𝑘 − 𝑃3) = 𝜆𝑘−1 − 𝜆𝑘 = Δ𝜆𝑘.  

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
⁄ : 

𝑃′1(𝑥, 𝑦) =
𝑃1(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
, 𝑃′2(𝑥, 𝑦) =

𝑃2(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
, 𝑃′3(𝑥, 𝑦) =

𝑃3(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
= 1. (5-13) 

 

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′‖2 = ‖𝑚‖2/𝑃3 the effect of the filter in 

𝑃𝑆 is straightforward: 
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𝑃′𝑆 =
‖𝑚′‖2

√3
=
‖𝑚‖2

𝑃3√3
→ 𝑃′𝑆(𝑥, 𝑦) =

𝑃𝑆(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
. (5-14) 

 

In the case of the depolarization index, 𝑃Δ, 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)): 

𝑃′Δ = √
2𝑃′1

2

3
+
2𝑃′2

2

9
+
𝑃′3
2

9
=
1

𝑃3
√
2𝑃1

2

3
+
2𝑃2

2

9
+
𝑃3
2

9
→ 𝑃′Δ(𝑥, 𝑦) =

𝑃Δ(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
. 

(5-15) 

 

Considering the results obtained in subsection 5.1.1, as well as for the depolarizing 

observables studied in this section (IPP, 𝑃𝑆 and 𝑃Δ), we can conclude that the effect of the 

IDF on depolarizing or dichroic channels is the same, responding to the general relation  

𝑓′(𝑥, 𝑦) =
𝑓(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
. (5-16) 

 

 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 (𝑎1, 𝑎2, 𝑎3) 

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 𝑀𝐴(𝑀) term, encoding dichroism and depolarization 

parameters. From Eq. (2-14) we have: 

 

𝑀′𝐴(𝑀′) = 𝑚00 (
1 𝐷𝐴

𝑇

𝑃𝐴 𝑚𝐴
) ; 𝑚𝐴 = 𝑑𝑖𝑎𝑔(𝑎1, 𝑎2, 𝑎3) . 

(5-17) 

 

In this case, the diattenuation and polarizance vectors correspond to the first row and 

column of 𝑀𝐴, respectively. The effect of the filter in each of the elements of the filtered 

normalized 𝑀𝐴 is the same as the shown in Eq. (5-5): 
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𝑀′𝐴(𝑀′) = 𝑃3𝑚00

(

 
 1

𝐷𝐴
𝑇

𝑃3𝑚00
𝑃𝐴

𝑃3𝑚00
𝑚′𝐴

)

 
 
; 𝑚′𝐴 =

1

𝑃3𝑚00
𝑑𝑖𝑎𝑔(𝑎1, 𝑎2, 𝑎3) . 

(5-18) 

 

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: 

𝐷′𝐴(𝑥, 𝑦) =
𝐷𝐴(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
,  𝑃′𝐴(𝑥, 𝑦) =

𝑃𝐴(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
. (5-19) 

 

Next, we study the arrow parameters (𝑎1, 𝑎2, 𝑎3), encoding depolarization and dichroic 

information. From Eq. (5-18) the effect of the filter in the arrow parameters is 

straightforward: 

𝑎′1(𝑥, 𝑦) =
𝑎1(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
,  𝑎′2(𝑥, 𝑦) =

𝑎2(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
, 𝑎′3(𝑥, 𝑦) =

𝑎3(𝑥, 𝑦)

𝑃3(𝑥, 𝑦)
. (5-20) 

 

Summarizing, in all the studied polarimetric parameters the effect of the polarimetric filter 

is given by the factor 𝑃3(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 𝑃3 , 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.   

 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 Eq. (5-21). As seen in 

such equation, the filtered 𝑃1
′ , 𝑃2

′  and 𝑃3
′  observables are equal to the original IPP 

observables but multiplied by the factor 𝑃3
−1, and therefore, the 𝑃′3 observable is always 

equal to one. The fact that independently of the spatial heterogeneity of the 𝑃3(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. 

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 

Figure 5-1 Representation of the IPP space. The red surface corresponds to the plane 𝑃3 = 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 (𝑃3 ≪). 
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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 (𝑃1 and 𝑃2 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 𝑃3 = 1 . In this representation, the 

differences associated with distinct expressions of 𝑃1 and 𝑃2 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:  

     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 𝑃3 . These values range from 0.1 to 0.45, the most common ones 

Sample 
Wavelength 

(nm) 
𝑷𝟏 𝑷𝟐 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 

Epiglotis (cattle) 
625 0.0718 0.2019 0.2491 
530 0.1307 0.2037 0.3257 
470 0.1541 0.2109 0.3468 

Tong (cattle) 
muscle exterior 

625 0.0886 0.1836 0.2451 
530 0.1887 0.3463 0.4550 
470 0.1584 0.2858 0.4202 

Tong (cattle) 
muscle interior 

625 0.0437 0.1292 0.1971 
530 0.0760 0.1290 0.2222 
470 0.0623 0.1134 0.2434 

Heart (cattle) myocardium 625 0.1150 0.1790 0.3200 
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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 𝑃3 = 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 𝑃3 = 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 𝑃3
−1 (see Eqs. 

(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 𝑃Δ [143]. In this vein, in section 2.3.2 

we showed that the higher the value of 𝑃Δ , the larger the available surface where different 

depolarizers with a given fixed  𝑃Δ can be represented in the CP Space. Therefore, recalling 

the relation between 𝑃Δ and the IPP (Eq. (2-38)), the effect of the filter is to increase the 

value of 𝑃′Δ, 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 𝑃3 ((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 shows how polarimetric images ( 𝑃3 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 𝑃3 already demonstrates improved 

visualization of structures compared to standard intensity images, the spatial variation 

shown in the 𝑃3  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 

Figure 5-2 Intensity (a), (c) and (e) and 𝑃3  (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. 
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excellent performance of the filter, which leads to a significant contrast enhancement and 

structure unveiling.  

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

samples imaging 

 

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  

𝑃1, 𝑃∆ and 𝑎1 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: 𝑃1, 𝑃∆ and 𝑎1  for the 

transversal heart sample; 𝑎1, 𝑃1 and 𝑎3 for the tongue sample and  𝑎1, 𝑃2  and 𝑃𝑠  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 

𝑃3 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 𝑃1 and 𝑃∆ and (e)-(f) with the arrow parameter 𝑎1, 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′1 (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 
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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 (𝑎1 and 

𝑎2) and the 𝑃1 index.  

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  𝑎1, 𝑃1 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, 𝑃3 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′1 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′3  

depolarized observable. Interestingly, these three regions correspond to different physical 

properties of the tissue. The filtered polarimetric images, especially in the  𝑎′3 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 𝑃3  image reveals a distinct isotropic depolarization response across 

different regions of the sample. Then, when applying the filter, resulting polarimetric 

images (in this case 𝑎1, 𝑃2 and 𝑃S) unveil very interesting structures within the sample. For 

instance, in Figure 5-5 (e) the filtered polarimetric image  𝑃′2 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.  

 

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  𝑎1, 𝑃2 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 𝑃3 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 

𝑎1, 𝑃2 and 𝑃S) unveil very interesting structures within the sample. For instance, in Figure 

5-5 (e) the filtered polarimetric image  𝑃′2  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  𝑃3  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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 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. 

Figure 5-6 Purity Space (a), intensity (b) and filtered 𝑃′1 (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 (𝑃3 = 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 𝑃3 = 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′1 image we can observe this effect, the two regions have a slightly different response but 

not as differentiated as the myotendinous tissue.  

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 
𝑃3). 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. 

Figure 5-7 Purity Space (a), intensity (b) and filtered 𝑃′1 (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).  
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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] it is 
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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. 

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 𝑃1  and 𝑃2  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′1 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′1  and 𝑃′2 

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′1  and 𝑃′2  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.  

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 (slf) and cingulum (c)) or 

medio-lateral: ventro-lateral (left-right) callosal fibers (vlc) and ventro-striatal callosal 

fibers (vsc) [168]. 

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′1 and   𝑃′2.  
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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′1 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′2, 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, Klüver-

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′3 for 470 nm 

and 625 nm and 𝑃′2). 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′3 

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 I to VI, the layer VI being the closer layer to wm. In the 𝑎′3 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′3 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 I, II/III, IV and V are detected.  
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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.  

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. 
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In Figure 6-4 (a) we can appreciate the structural differences between the six layers, 

from the outer layer (I) 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 I 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 I, II-III, 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).  

 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 

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). 
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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 𝑃3 − 𝑃2  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 

Eq. (2-37)). Figure 6-5 (c) and (d) are the filtered depolarization parameters 𝑃′2 and 𝑎′3, 

measured in blue (470 nm).  

 

In this case discrimination between wm and gm is obtained for 𝑃′2 and 𝑎′3 (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, 

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 (𝑃3 − 𝑃2,  𝑃
′
2 and 𝑎′3 ). Lat and c 

indicate lateral and coronal directions. 
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the leptomeningeal-rich region of the hippocampal fissure (asterisk in Figure 6-5 (c) and 

(d)) can also be detected.  

 

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 (slm) 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, plc and slm. We can 

compare the results provided by the histological image with the structures obtained 

through 𝑃′2 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 slm. Interestingly, the two cell poor regions (so and slm) that are cell poor 

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.  
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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.   

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 

I 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 I in Figure 6-7 (e) for sample 31). Continuing with 

the layer detection, the 𝑎′3 parameter in both cases is able to reveal more structural levels 

of gray matter. In (e), layers I, IV and II/III are detected (see black and white arrow, 

respectively). In the case of (e), the layers identified are I, II/III and V. Finally, all metrics are 

useful to trace the limit between white and grey matter. 

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 

polarimetric channels for both samples. 
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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.  

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 (I, II, III, V, VIa 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′1 and 𝑎′3 in this case).  

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). 
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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 (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. In the three figures 

correspondent to 𝑃′1 and 𝑎′3 observables (Figure 6-9 (b)-(d)) the internal capsule and the 

stratum are clearly identified. In addition,  𝑃′1 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 

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′1 and 𝑎′3).  
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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 (𝑃1,  𝑃2 

and 𝑃3). 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.   

 

 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. 

 

 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 𝑃1 and 𝑃2 index values 

depend on the above-mentioned physical control parameters. However, the 𝑃3 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 𝑃3  ranging from 0 to 1. Therefore, to obtain 

depolarization response in the 𝑃3  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 𝑃3. In fact, as more weight this 

term has, the more affected is the value of 𝑃3. 

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 𝑃1 and 𝑃2 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 𝑃3 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 (𝑀̂𝐽0), anisotropic depolarizing (𝑀̂1 and 𝑀̂2) and isotropic depolarizing (𝑀̂3) 

terms. To conclude, we also provide some simple and representative experimental cases 

of study, to validate the simulated results. 

 

 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 − 𝑃3)𝑀̂3; where 𝑀̂3 = 𝑑𝑖𝑎𝑔(1,0,0,0) is the M of a perfect depolarizer and (1 − 𝑃3) 

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 − 𝑃3)𝑀̂3) 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/𝑃3. 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 𝑃3 , this spatial 

dependence of 𝑃3(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 𝑃3, the 

filter is especially effective when also presents low values of 𝑃3  (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 𝑃3,  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 𝑃3 = 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.  

 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 

• 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. 
 

• Deduce the analytical relation between the Arrow parameters (𝑎1, 𝑎2 and 𝑎3) and 

the Indices of Polarimetric Purity. This could lead to a common basis of analysis 

samples even using these two different observable families.  

 

• 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.  

 

• 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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