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Borovkova, Mariia, Polarization and terahertz imaging for functional characteri-
zation of biological tissues. 
University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering
Acta Univ. Oul. C 783, 2021
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

New methods for the functional characterization of biological tissues based on optical sensing and
imaging techniques have been developed in recent decades. These advanced optical methods
enable the quantitative scoring of tissue optical properties and give rise to the optical biopsy,
which shows high potential for implementation in clinical practice in the near future.

The present thesis describes the methods for the functional characterization of biological
tissues based on the polarized light of the visible range and terahertz radiation. The considered
approaches, enhanced by methods of mathematical and statistical analysis, were applied to
differentiate various conditions of biological tissues that affect their morphological structure and
water content. Polarized light imaging techniques, in particular, Stokes vector polarimetry based
on circularly polarized illumination and multi-wavelength Mueller matrix imaging, were used for
the label-free analysis of changes in tissue depolarization and anisotropy characteristics caused by
different conditions such as cancer, beta-amyloidosis, tissue stretching, and dystrophic changes of
fibrillary structures. Terahertz time-domain spectroscopy was utilized to non-invasively monitor
tissue dehydration in transmission- and reflection-based measurement configurations. The
fundamentals of the considered methods of optical tissue characterization, their limitations, and
recent advances are overviewed. The present work aims for the improvement of the considered
optical imaging and characterization techniques, as well as for discovering their potential to
achieve better diagnostic efficiency and for facilitating their transfer from the laboratory to clinical
use.

Keywords: biomedical optics, birefringence, high-order statistical moments, light
scattering, optical biopsy, polarized light, Stokes-Mueller polarimetry, terahertz
radiation





Borovkova, Mariia, Polarisaatio- ja terahertsikuvantaminen biologisten kudosten
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Tiivistelmä

Viime vuosikymmeninä biologisten kudosten toiminnalliseen karakterisointiin on kehitetty uusia
menetelmiä, jotka perustuvat optisen tunnistamisen ja kuvantamisen tekniikoihin. Nämä kehitty-
neet optiset menetelmät mahdollistavat kudoksen optisten ominaisuuksien kvantitatiivisen pis-
teytyksen ja luovat siten pohjaa optiselle biopsialle, jolla on suuri potentiaali tulla kliiniseen
käyttöön lähitulevaisuudessa.

Opinnäyte kuvaa näkyvän alueen polarisoituun valoon ja terahertsisäteilyyn perustuvat biolo-
gisten kudosten toiminnallisen karakterisoinnin menetelmät. Näitä valikoituja, matemaattisilla ja
tilastollisilla analyysimenetelmillä tehostettuja lähestymistapoja sovellettiin erottelemaan biolo-
gisten kudosten morfologiseen rakenteeseen ja vesipitoisuuteen vaikuttavia erilaisia olotiloja.
Polarisoitua valoa hyödyntäviä kuvantamistekniikoita, erityisesti pyöröpolarisoituun valaistuk-
seen perustuvaa Stokes-vektoripolarimetriaa ja monen aallonpituuden Mueller-matriisikuvanta-
mista, käytettiin kudosten depolarisaatio- ja anisotropiapiirteissä tapahtuneiden erilaisten muu-
tosten, joita aiheuttava esimerkiksi syöpä, beta-amyloidoosin, kudosvenymä ja lihasrakenteiden
rappeumamuutokset, nimeämättömään analysointiin. Aikatason terahertsispektroskopiaa käytet-
tiin kudoksen kuivumisen kajoamattomaan seurantaan mittauskokoonpanoilla, jotka perustuvat
sekä läpäisyyn että heijastukseen. Työssä luodaan yleiskuva valittujen optisten kudoksen karak-
terisointimenetelmien perusteista, rajoitteista ja viimeaikaisesta kehityksestä. Työ tähtää näiden
optisten kuvantamis- ja karakterisointitekniikoiden parantamiseen sekä niiden uuden potentiaa-
lin löytämiseen, jotta saavutetaan parempi diagnostinen tehokkuus ja helpotetaan tekniikoiden
siirtymistä laboratoriosta kliiniseen käyttöön.

Asiasanat: biolääketieteellinen optiikka, kahtaistaittavuus, merkitsevimmät tilastolliset
momentit, optinen biopsia, polarisoitu valo, Stokes-Mueller -polarimetria,
terahertsisäteily, valon sironta
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Abbreviations  

2D Two-dimensional  

3D Three-dimensional 

Aβ Amyloid-beta 

ACI Acute coronary insufficiency 

AD  Alzheimer’s disease 

BS Beam splitter 

CB Circular birefringence 

CCD Charge-coupled device 

CD Circular dichroism 

CMOS  Complementary metal-oxide-semiconductor 

DoP  Degree of polarization 

FFPE  Formalin-fixed paraffin-embedded  

HWP Half-wave plate 

IHC Immunohistochemical 

IHD Ischemic heart disease 

IR Infrared 

LAP Linear anti-diagonal polarization 

LB Linear birefringence 

LD Linear dichroism 

LDP Linear diagonal polarization 

LHCP Left-hand circular polarization 

LHP Linear horizontal polarization 

LP Linear polarization 

LVP Linear vertical polarization 

MM Mueller matrix 

NIR Near infrared 

OC Optical clearing 

OCA Optical clearing agent 

PE Polarization ellipse 

PP Polarization-phase 

PSA Polarization-state analyzer 

PSG Polarization-state generator 

PVCP Polyvinyl chloride plastisol 

QWP Quarter-wave plate 

RHCP Right-hand circular polarization 
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RI Refractive index 
SHG Second-harmonic generation 
SoP State of polarization 
TDS Time-domain spectroscopy 
THz Terahertz 
TMFP Transport mean free path 
TPX Polymethylpentene  
 
c  Light velocity in vacuum 
E  Electric field 
Êx, Êy  Transverse components of electric field 
E0x, E0y Maximum amplitudes of transverse electric field oscillations 
f  Frequency 
g Scattering anisotropy factor 
I  Light intensity and/or 1st component of Stokes vector 
J  Jones matrix 
J(Δ)  Power spectrum of depolarization distribution 
k Wave number 
K2,4  Moments of autocorrelation function of 2nd and 4th order 
LSD  Source-detector separation 
M  Mueller matrix 
MΔ, MR, MD Mueller matrix of depolarizer, retarder, diattenuator 
m  Differential Mueller matrix 
M11–M44 Elements of Mueller matrix 
n Refractive index 
Q 2nd  component of Stokes vector 
R̂ Reflection coefficient 
S Stokes vector 
T̂ Transmission coefficient 
t Time 
t̂, r̂ Fresnel transmission and reflection coefficients 
U 3rd component of Stokes vector 
V 4th component of Stokes vector 
x, y, z Spatial coordinates 
Zi  Statistical moments of 1st, 2nd, 3rd, 4th orders (i = 1, 2, 3, or 4) 
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Α Amplitude anisotropy 

Δ Depolarization 

δ Phase shift 

Δn  Difference of refractive indices (phase anisotropy) 

Δμ  Difference of attenuation coefficients (amplitude anisotropy) 

ε Permittivity 

κ Imaginary part of refractive index 

λ Wavelength 

μa  Absorption coefficient 

μs  Scattering coefficient 

μt  Attenuation coefficient 

μs' Reduced scattering coefficient 

Φ Phase anisotropy 

χ Ellipticity 

ψ Azimuthal angle 

ω Angular frequency 
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demonstrated by analyzing the Stokes vector trajectory mapped on the Poincaré 
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1 Introduction  

1.1 Background  

The use of polarized light in various biomedical applications has grown rapidly in 

recent years [1]. The key advantage of polarization-based diagnostic modalities 

over conventional polarization-blind techniques is the high sensitivity to the 

different structural alterations of the examined media. Polarimetry can provide 

valuable information about tissue’s intrinsic properties. In particular, it is sensitive 

to changes in size, shape, optical properties and density of scatterers, changes in 

the organization of fibrous structures, and the presence of chiral particle aggregates. 

By the measurement of key polarization metrics such as degree of depolarization, 

retardance, and diattenuation of incident polarized light, important insights into the 

tissue’s morphology and microstructure may be obtained.  

The changes in the structural composition of a biological tissue may often 

correlate with the changes in water level within the tissue. Terahertz (THz) 

radiation enables effective sensing of hydration level changes. The THz frequency 

range is typically defined as 0.1–10 THz (1 THz = 1012 Hz); the corresponding 

wavelengths vary from 30 μm to 3 mm [2]. Until a few decades ago, this spectrum 

band was called the “THz gap” due to the lack of coherent and efficient sources 

and detectors. With the development of ultrafast lasers, THz technologies have 

emerged, and are currently being researched and applied in many fields. Due to 

strong water absorption, THz waves may be used as a precise hydration probe. This 

gives rise to many biomedical applications for THz radiation.  

Techniques based on polarization of light and THz radiation phenomena can 

provide complex analysis of biological tissue condition with great potential for 

label-free non-destructive characterization of tissue pathological changes, e.g. 

inflammation, enlargement of cell nuclei, collagen remodeling, and dystrophic 

changes of polycrystalline networks. This thesis presents the results of research on 

approaches to the functional characterization of various biological tissues utilizing 

Stokes-Mueller polarimetry and pulsed THz spectroscopy. 

1.2 Motivation of research and objectives 

In the visible spectrum range, biological tissues exhibit high scattering and 

moderate absorption. Polarization- and phase-sensitive measurements therefore 
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allow the comprehensive characterization of biological tissues in this frequency 

range. Indeed, the two key phenomena that induce the phase shift between the 

electric field components of polarized light propagated within a biological tissue 

are scattering and birefringence. The changes in these parameters are typically 

conditioned by particular structural malformations in the tissue. In practice, most 

optical techniques are unable to distinguish the nature of the phase shift induced by 

birefringence or scattering of light. One of the objectives of the present thesis is 

therefore to demonstrate the approach to distinguish scattering and birefringence 

contributions in the detected backscattered light. 

The alterations of scattering and birefringence in biological tissues serve as key 

optical manifestations of such pathological conditions as accumulation of amyloid-

beta (Aβ) plaques within brain tissues affected by Alzheimer’s disease (AD), 

enlargement of cell nuclei, increased randomness of the structure of cancerous 

tissues, and dystrophic changes of fibrous tissue, e.g. myocardium. The next 

objective of the present thesis is therefore the improvement of the methods of 

Stokes-Mueller polarimetry to demonstrate the possibility of performing an optical 

biopsy to diagnose the considered conditions. The Stokes-Mueller polarimetry 

techniques are enhanced by a complementary analysis of spatial distributions of the 

obtained tissue polarimetric properties and by the use of the Poincaré sphere as a 

graphical tool for observing and analyzing the trajectories of the Stokes vector. 

The chemical composition of a biological tissue may be assessed by the 

examination of the tissue absorption characteristics with spectroscopic methods. In 

the THz frequency range, absorption is the dominant phenomenon occurring in 

biological tissues. Water index mapping could be used to localize zones of tissue 

dehydration and inflammation, which may precisely indicate areas of e.g. tumors 

or wounds. Additionally, because water content within the tissue directly affects its 

structural composition (e.g. packing density of various structural elements [3]), the 

information about the water content may facilitate the proper interpretation of the 

results of polarimetric imaging. The last objective of the present thesis is to improve 

the methods of THz spectroscopy for the non-invasive quantitative assessment of 

water concentration in biological tissues and extend them to reflection geometry, 

thus enhancing their application potential. In the future, the joint use of the 

considered techniques would allow a comprehensive characterization of biological 

tissues by providing details on both the morphological structure and water content 

of the investigated specimen.  
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1.3 Outline of the thesis 

Chapters 2–4 present the key concepts of the research and a literature review. 

Chapter 2 of the thesis introduces the phenomena of polarized light and THz 

radiation. The key terms and parameters frequently used in the text are introduced 

and explained. The fundamental physical concepts of polarized light and 

polarimetry are presented. 

In Chapter 3, the interaction of light with biological tissues is discussed. The 

key optical properties of biological tissues in visible and THz frequency ranges are 

overviewed.  

Chapter 4 presents a brief overview of recent advances in imaging and 

characterization techniques based on polarized light and THz radiation. The typical 

configurations of the systems, methodologies and biomedical applications of both 

techniques are discussed. 

Chapters 5–8 present the results of the research work performed within the 

doctoral training. Chapter 5 presents the results of the Stokes vector polarimetry of 

different biological tissues. In this study, the isolated contributions of scattering and 

birefringence in the overall phase retardation of the circularly polarized light 

propagated through the tissue-like scattering medium are investigated. Additionally, 

the influence of variation of source-detector separation on the backscattered light 

is discussed. The results of model experiments with tissue phantoms and the results 

of experiments with chicken skin are presented and discussed.  

Chapter 6 describes the results of Mueller imaging of paraffin-embedded 

blocks of mouse brain tissue at different stages of AD. The chapter starts with a 

brief introduction to brain structural alterations in AD and challenges in their 

assessment. The experimental Mueller imaging system, algorithm of data 

acquisition and processing are presented. The methods of statistical analysis of 

depolarization distributions and the acquired results are presented and discussed.  

Chapter 7 describes the application of the Mueller imaging technique enhanced 

by a complementary analysis of polarimetric characteristics for the screening of 

fixed biological tissues for different pathological conditions, namely, cancer and 

necrotic changes of fibrillary tissue, which alter the tissue’s depolarization ability 

and anisotropy. The experimental Mueller imaging systems operating in 

transmission and backscattering geometries and measurement algorithms are 

outlined. The results of samples’ screening and analyses of depolarization and 

anisotropy characteristics are presented and discussed.  
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Chapter 8 is devoted to the application of pulsed THz spectroscopy for the 

quantitative assessment of dehydration of biological samples, in particular, tree 

leaves and pork meat. The utilized THz spectroscopy system operating in 

transmission and reflection geometry is presented; the effective medium theory and 

experimental protocols are described. The algorithms of water content calculation 

in transmission and reflection geometries are explained. Finally, the validation of 

the described methods is presented, and the obtained results of water concentration 

measurements are compared with the values acquired with the gravimetric method.  

Chapter 9 contains the conclusions and further perspectives of the research.  
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2 Introduction to polarized light and terahertz 
radiation 

2.1 Optical radiation 

Optical radiation, or light, is part of the electromagnetic spectrum. The wavelength 

range of optical radiation is typically defined as 100 nm to 3 mm. The optical range 

of electromagnetic radiation includes ultraviolet radiation (up to 400 nm), visible 

light (400–700 nm), IR radiation (0.7–30 µm), and THz radiation (0.03–3 mm).  

2.2 Fundamental concepts of polarized light 

2.2.1 Polarization of electromagnetic wave, Jones vector 

Polarization is a fundamental property of light which characterizes the oscillations 

of the electric field. Definitions of polarized light, its physics, and properties are 

widely described in the literature, see e.g. [4]–[6]. Light, being a form of 

electromagnetic radiation, is represented by a transverse wave, in which electric 

and magnetic fields oscillate perpendicularly to each other and to the direction of 

light propagation. Polarization describes the pattern of the electric field vibration’s 

temporal evolution at a fixed point of space. A light wave propagating in direction z 

could be represented as a superposition of two transverse linear polarization 

components of an electric field oscillating in 𝑥  and 𝑦  directions: Êx and Êy (see 

Fig. 1). 

Fig. 1.  Propagation of a light wave. 
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The transverse components of the electric field are described as 

𝐸 𝑧, 𝑡 𝐸 exp 𝑖 𝜔𝑡 𝑘𝑧 𝛿  (1) 

and 

𝐸 𝑧, 𝑡 𝐸 exp 𝑖 𝜔𝑡 𝑘𝑧 𝛿 .  (2) 

Here, E0x and E0y are the maximum amplitudes of oscillations, ω is the angular 

frequency (ω = 2πc/λ, where λ is the wavelength), t is time, k is the wave number 

(k = 2π/λ), δx and δy are the phase shifts for the corresponding directions. If the 

propagator ωt – kz is omitted, Eqs. (1) and (2) can be rewritten in the form of the  

2 × 1 column vector 

𝐄
𝐸
𝐸

𝐸 exp 𝑖𝛿
𝐸 exp 𝑖𝛿 ,  (3) 

which is called the Jones vector. The vector sum of the orthogonal field components 

yields the resultant locus of the field vector temporal evolution, which is used to 

describe the state of polarization (SoP) of light. If the resultant locus of the field 

vector temporal evolution describes a stationary curve, light is considered polarized.  

If the time evolution of the resultant vector yields random positions, light is 

considered unpolarized. If light is fully polarized, the shape of the resultant locus 

describes the particular SoP. One of the approaches to describing polarized light is 

the polarization ellipse (PE). Importantly, the Jones vector and PE can only be used 

to describe completely polarized light. 

2.2.2 Polarization ellipse and special cases of polarized light 

The curve generated by the locus of positions of the field vector of polarized light 

evolving in time is described by the concept of PE. Using the Eqs. (1) and (2), the 

PE equation is derived as 

2 cos𝛿 sin 𝛿,  (4) 

where δ = δy – δx.  

Figure 2 shows the PE for the general case of light polarization. Here, x and 

y are the initial axes, x' and y' are the axes of the rotated ellipse, 2a and 2b are the 

lengths of the major and minor axes of the ellipse, and ψ is the azimuth angle 
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(0° ≤ ψ ≤ 180°), which is the angle between the major axis of the PE and x axis. 

The angle χ characterizes the ellipticity of the PE, as tan χ = ± b/a. 

Fig. 2.  PE for arbitrary light polarization. 

Generally, fully polarized light can always be described as elliptically polarized 

light. In the event of arbitrary complete light polarization, Ê0x, Ê0y and δ are 

arbitrary values. However, 6 special cases of polarization correspond to the 

degenerated forms of PE (the limiting cases of an ellipse such as a line or circle). 

These special SoPs are commonly used in various applications. 

1. When E0y = 0, the electric field only oscillates in the direction x. Equations (1) 

and (2) take the forms of 

 𝐸 𝑧, 𝑡 𝐸 exp 𝑖 𝜔𝑡 𝑘𝑧 𝛿  (5) 

and 

 𝐸 𝑧, 𝑡 0. (6) 

The PE is degenerated to a single line parallel to the x axis. This SoP is named 

linear horizontal polarization (LHP). 

2. When E0x = 0, the electric field only oscillates in the direction y. Equations (1) 

and (2) take the forms of 

 𝐸 𝑧, 𝑡 0 (7) 

and 

 𝐸 𝑧, 𝑡 𝐸 exp 𝑖 𝜔𝑡 𝑘𝑧 𝛿 . (8) 

Here, the PE is degenerated to a line parallel to the y axis. This SoP is called linear 

vertical polarization (LVP). 
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3. When δ = nπ (n is integer number), E0x ≠ 0 and E0y ≠ 0. In this case, the Eq. (4) 

takes the form of 

 0. (9) 

Here, the PE takes the form of a line with ±E0y/E0x slope. This case represents 

arbitrary linear polarization (LP). If E0y = E0x, the PE transforms into a line 

with either a +45° or −45° slope, which corresponds to linear diagonal 

polarization (LDP) or linear anti-diagonal polarization (LAP), respectively. 

4. When δ = π/2 ± nπ (n is integer number), E0x = E0y = E0. In this case, the Eq. (4) 

is reduced to 

 1, (10) 

which describes a circle. The case of δ = π/2 ± n2π represents righthand 

circularly polarized light (RHCP), whereas in the case δ = 3π/2 ± n2π, the SoP 

is left-hand circularly polarized light (LHCP). 

2.2.3 Stokes vector 

The PE representation and Jones vector are limited to describing only fully 

polarized states with the field-based quantities, which are non-measurable. The 

widely used Stokes-Mueller calculus is based on the physically achievable intensity 

measurements, and allows the description of partially polarized states. The basic 

concept of the Stokes-Mueller formalism is the Stokes vector, defined as 

𝐒

𝐼
𝑄
𝑈
𝑉

𝐼 𝐼
𝐼 𝐼
𝐼 𝐼
𝐼 𝐼 ⎣

⎢
⎢
⎢
⎡
𝐸 𝐸

𝐸 𝐸
2𝐸 𝐸 cos𝛿
2𝐸 𝐸 sin𝛿⎦

⎥
⎥
⎥
⎤

.  (11) 

The Stokes vector consists of 4 values of light intensities, where I describes the 

total intensity of the detected light, Q describes the excess of LHP over LVP, U 

shows the excess of LDP over LAP, and V describes the excess of RHCP over 

LHCP. The condition of the physical realizability of the Stokes vector is 

𝐼 𝑄 𝑈 𝑉 .    (12) 

Thus, only certain combinations of 4 elements can comprise the Stokes vector. The 

degree of polarization (DoP, notation: P) of the detected light is the ratio between 
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the intensity of the polarized light and the total intensity of the detected light  

(P = Ipol/Itot). The DoP is derived from the Stokes parameters as 

𝑃  .    (13) 

For completely polarized light, P = 1 (or 100%); for completely unpolarized light, 

P = 0; for partially polarized light, 0 ≤ P ≤ 1. Additionally, the degree of linear 

polarization (PL) and degree of circular polarization (PC) are derived as [7] 

𝑃    (14) 

and 

𝑃  . (15) 

The Stokes vector is typically normalized to the total intensity (all components are 

divided by I). The Stokes vector of partially polarized light is often presented as a 

superposition of the completely polarized (SP) and completely unpolarized (SU) 

components [7]: 

𝐒 𝐒 𝐒 𝐼 ∙ 𝑃

1
𝑄 𝐼 ∙ 𝑃⁄
𝑈 𝐼 ∙ 𝑃⁄
𝑉 𝐼 ∙ 𝑃⁄

𝐼 ∙ 1 𝑃

1
0
0
0

. (16) 

The properties of the PE could be described with the non-normalized Stokes vector 
components as [4] 

𝜓 𝑡𝑎𝑛 , (17) 

and 

𝜒 𝑠𝑖𝑛 . (18) 

The Stokes vectors of 6 special cases of SoP are 

1. SLHP = I(1; 1; 0; 0); 

2. SLVP = I(1; −1; 0; 0); 

3. SLDP = I(1; 0; 1; 0); 

4. SLAP = I(1; 0; −1;0); 

5. SRHCP = I(1; 0; 0; 1); 

6. SLHCP = I(1; 0; 0; −1). 
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2.2.4 Poincaré sphere representation 

The mathematical relations between the PE and the Stokes vector allowed the 

development of the important graphical tool for SoP visualization, the Poincaré 

sphere. The Poincaré sphere is plotted in the right-handed Cartesian plane with Q, 

U, V Stokes parameters acting as axes and with the radius I ⋅ P. Figure 3(а) shows 

the Poincaré sphere with the marked locations, which correspond to different SoPs; 

Fig. 3(b) demonstrates the 3D properties of the Poincaré sphere representation; Fig. 

3(c) shows the relation between the Poincaré sphere and PE (azimuth ψ and 

ellipticity χ angles).  

 

Fig. 3. (a) The Poincaré sphere and locations of different SoPs (RHEP: right-handed 

elliptical polarization, LHEP: left-handed elliptical polarization). (b) 3D approach of the 

Poincaré sphere representation. (c) Relation between the Poincaré sphere and PE 

parameters.   

Thus, as Fig. 3 depicts, each point on the Poincaré sphere surface represents the 

defined SoP with 100% DoP. All points at the equator of the Poincaré sphere 

contain all possible LP states; two poles represent RHCP and LHCP; the rest of the 

points on the surface of the Poincaré sphere represent arbitrary elliptical 

polarization. Depending on whether the Stokes vector tip is located in the north or 

south hemisphere of the Poincaré sphere, the helicity of the SoP is right-handed or 

left-handed respectively [see Fig. 3(a)]. The points located inside the Poincaré 

sphere represent partially polarized states.  



29 

2.2.5 Mueller matrix: definitions and decomposition approaches 

While the Stokes vector describes the SoP of light, the Mueller matrix (MM) 

describes the polarimetric transfer function of the medium that influences the SoP 

of incident light linearly in the linear optics regime. Thus, the transformation of the 

Stokes vector is defined by a 4 × 4 real matrix M as 

𝐒𝐨𝐮𝐭 𝐌 ∙ 𝐒𝐢𝐧  (19) 

or 

𝐼
𝑄
𝑈
𝑉

𝑀   𝑀   𝑀   𝑀
𝑀   𝑀   𝑀   𝑀
𝑀   𝑀   𝑀   𝑀
𝑀   𝑀   𝑀   𝑀

∙

𝐼
𝑄
𝑈
𝑉

,  (20) 

where M is the MM of the medium, Sin is the Stokes vector of the incident light, 

and Sout is the Stokes vector of the outcoming light. Similar to the Stokes vector, 

only a certain combination of 16 elements could comprise a MM (see details 

in e.g. [4], [8]). The mathematics of MMs, their properties, and the MMs of the 

standard optical elements are widely described in the literature; see e.g. [4]–[6], [9]. 

Indeed, the direct interpretation of the MM elements in terms of the optical 

properties of the examined medium is currently possible only for rare examples of 

homogenous isotropic scattering media. In the polarimetry of real biological tissues, 

due to high heterogeneity and anisotropy, the MM contains the highly complex 

polarimetric response, which results from the intermixture of different optical 

effects. 

A phenomenological approach is typically used for the interpretation of the 

MM to retrieve the concrete optical and biophysical properties of the examined 

medium. The interpretation of the MM is based on the decomposition of the 

experimentally obtained MM into a product of elementary matrices of ideal optical 

elements: diattenuator, retarder, and depolarizer. Depolarization power is the ability 

of the medium to reduce the DoP of the incident illumination, i.e. to cause the loss 

of the coherence of phase or amplitude. Retardation refers to an accumulating phase 

difference between the polarization eigenstates of the incident polarized light, i.e. 

the anisotropy of the phase. Diattenuation is the ability of the medium to attenuate 

different polarization eigenstates differently, i.e. to cause the anisotropy of the 

amplitude. These phenomena are assessed separately for linear and circular 

polarizations and in total (the total diattenuation/retardation/depolarization is 

defined as a magnitude of the corresponding property vector). In the case of 
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homogenous elements, for linear diattenuation/retardation/depolarization, two 

polarization eigenstates are LHP and LVP, whereas for circular characteristics, two 

polarization eigenstates are RHCP and LHCP. Several decomposition approaches 

have been developed (see details in [4]–[6]). The algorithms of two commonly used 

MM decomposition approaches (and applied in the present thesis) are described 

below. 

Three-component product decomposition: Lu-Chipman decomposition 

Although in the real medium, depolarization, retardation, and diattenuation occur 

simultaneously, the three-component product decomposition approaches are based 

on the assumption that the resulting transformation of the Stokes vector after 

interacting with the medium is equivalent to the transformation imposed by an 

optical assembly of the considered three basic elements. In the most commonly 

used decomposition approach proposed by Lu and Chipman [10], a depolarizing 

MM is decomposed as a product of matrices of the depolarizer (with non-zero 

polarizance), retarder, and diattenuator: 

𝐌 𝐌 𝐌 𝐌 . (21) 

Since matrix multiplication is not commutative, the order of the elements in Eq. (21) 

plays an important role. There are thus 6 possible cases of such product 

decomposition. They were grouped into two families by the location of the 

depolarizer: forward decomposition (the depolarizer is at the end of the assembly); 

and reverse decomposition (the depolarizer is in front of the assembly) [11]. Thus, 

the Lu-Chipman decomposition is the canonical case of forward product 

decomposition. 

To perform the Lu-Chipman decomposition, two non-depolarizing factors must 

first be considered: diattenuation and polarizance. These two properties can be 

unambiguously retrieved from any MM. The diattenuation vector is defined from 

the first row of the MM as 

𝐃
𝐷
𝐷
𝐷

𝑀
𝑀
𝑀

, (22) 

where DH, D45, DC are the horizontal, diagonal and circular diattenuation 

respectively. D is the total diattenuation defined as 

𝐷 ≡ |𝐃| 𝐷 𝐷 𝐷 𝐷 𝐷 .  (23) 
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Here, DL is the linear diattenuation. The diattenuator matrix is described as 

𝐌 1 𝐃
𝐃 𝐦

, (24) 

where T is the transpose operator, and 

𝐦 √1 𝐷 𝐈 1 √1 𝐷 𝐃𝐃 ,  (25) 

where I3 is 3×3 identity matrix.  

Polarizance is the ability of the sample to polarize the incident unpolarized 

light (i.e. to increase the DoP). The polarizance vector is defined from the first 

column of the MM as 

𝐏
𝑃
𝑃
𝑃

𝑀
𝑀
𝑀

.  (26) 

Once the MD is determined, the MM M' could be defined as  

M' = M MD
–1 = MΔ MR.  

Next, depolarization is to be considered. A pure (nonuniform) depolarizer is 

represented by a diagonal matrix 

1 0 0 0
0 𝑎 0 0
0 0 𝑏 0
0 0 0 𝑐

,          |𝑎|, |𝑏|, |𝑐| 1.           (27) 

Here, 1 – |a|, 1 – |b|, and 1 – |c| are the principal depolarization factors of the 

depolarizer (for LHP, LDP, and RHCP light respectively). The depolarization 

power of the medium is given by 

 ∆ 1
| | | | | |

 . (28) 

Within the Lu-Chipman decomposition, the depolarization element contains 

polarizance characteristics. Thus, the most general expression of the depolarizer is 

𝐌∆
1 𝟎
𝐏∆ 𝐦∆

.  (29) 

Here, PΔ is the polarizance vector of the depolarizer, 0T = (0, 0, 0), and mΔ is a 
symmetric matrix (hence, mΔ

T = mΔ).  
The general expression for the retarder matrix is 

𝐌 1 𝟎
𝟎 𝐦

,  (30) 



32 

where mR is a three-dimensional rotation matrix (see details in [4], [10]). Therefore, 

mR
T = mR

–1. 

With defined general forms of the depolarizer and retarder matrices, the M' 

takes the form 

𝐌 1 𝟎
𝐏∆ 𝐦∆

1 𝟎
𝟎 𝐦

1 𝟎
𝐏∆ 𝐦∆𝐦

1 𝟎
𝐏∆ 𝐦

.  (31) 

PΔ is defined as 

 𝐏∆
𝐏 𝐦𝐃

𝟏 𝟐 . (32) 

The next step is the polar decomposition of the 3 × 3 matrix m' = mΔmR. To perform 

the polar decomposition of m', the eigenvalues of m'(m')T are first considered. Due 

to the properties of mΔ and mR, 

𝐦 𝐦 𝐦∆𝐦 𝐦∆𝐦 𝐦∆. (33) 

Thus, if λ1, λ2, λ3 are the eigenvalues of m'(m')T, then λ1 , λ2 , λ3  are the 

eigenvalues of mΔ
2. Hence, mΔ could be derived as 

𝐦∆ 𝐦 𝐦 𝑎𝐈 ∙ 𝑏𝐦 𝐦 𝑐𝐈 ,  (34) 

where a = λ1λ2+ λ2λ3+ λ3λ1 , b = λ1+ λ2+ λ3 , c = λ1λ2λ3 . The sign is 

applied according to the sign of the determinant of m'. 

Finally, the retardance matrix is determined as 

𝐌 𝐌∆ 𝐌 . (35) 

The obtained depolarization, retardation, and diattenuation matrices are further 

analyzed to retrieve all the elementary polarimetric properties of the medium 

enclosed in the MM [4], [10]. The described approach in forward or reverse forms 

has been validated in numerous studies, and has demonstrated the stability and 

uniqueness of the results [9].  

Differential (logarithmic) decomposition 

While the Lu-Chipman approach models optical phenomena sequentially, the 

differential decomposition of MM [6], [12]–[14] models all three basic properties 

simultaneously and continuously. In this approach, the MM of a depolarizing layer 

varies along the direction of light propagation. This is described by the propagation 

equation as 

𝑑𝐌 𝑧 /𝑑𝑧 𝐌 𝑧 𝐦 𝑧 .  (36) 
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Here, M is the MM of the object in the plane z (0 ≤ z ≤ l , where l is geometrical 

thickness); m(z) is the differential MM. If the medium is uniformly depolarizing, 

and its properties are uniformly distributed, m does not depend on 𝑧 [15]. Thus, 

Eq. (36) could be solved as 

𝐌 exp 𝑧𝐦  (37) 

or 

𝐦 𝑧 ln 𝐌 . (38) 

If the medium is non-depolarizing, m comprises six elementary polarization 

properties of the medium: linear dichroism and birefringence along the x and y 

laboratory axes (LD and LB), linear dichroism and birefringence along the ±45° 

axes (LD' and LB'), circular dichroism, and birefringence (CD and CB). The matrix 

m is given by 

𝐦

0 𝐿𝐷 𝐿𝐷 𝐶𝐷
𝐿𝐷 0 𝐶𝐵 𝐿𝐵
𝐿𝐷 𝐶𝐵 0 𝐿𝐵
𝐶𝐷 𝐿𝐵 𝐿𝐵 0

.  (39) 

If the medium is depolarizing, m could be described as [16], [17] 

𝐦 𝑧 ⟨𝐦⟩ ⟨Δ𝐦 ⟩𝑧.  (40) 

Here, the brackets ⟨...⟩ denote averaging. The matrix ⟨m⟩ describes elementary 

polarization properties of the medium (the polarization part of the differential 

MM m), whereas ⟨Δm2⟩ characterizes the uncertainties of the properties resulting 

from depolarization (the depolarization part) [13], [15]. For the non-depolarizing 

medium, ⟨Δm2⟩ = 0.  

Thus, the elementary polarization properties of the medium can be determined 

from ln(M(z)). By constructing the Lorentz antisymmetric and symmetric 

components, Eqs. (38) and (40) yield [17] 

ln 𝐌 𝑧 〈𝐦〉𝑧 0.5〈∆𝐦𝟐〉𝑧  
0.5 ln 𝑀 𝑧 𝐺ln 𝑀 𝑧 𝐺 ln 𝑀 𝑧 𝐺ln 𝑀 𝑧 𝐺 . (41) 

Here, G = diag(1, –1, –1, –1) is the Minkowski metric matrix. The polarization 

component of the differential MM ⟨m⟩ takes the form [18] 
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⟨𝐦⟩ 𝑧

⎝

⎜⎜
⎜
⎛

0 ln 𝑀 𝑀 ln 𝑀 𝑀 ln 𝑀 𝑀

ln 𝑀 𝑀 0 ln ln

ln 𝑀 𝑀 ln 0 ln

ln 𝑀 𝑀 ln ln 0 ⎠

⎟⎟
⎟
⎞

.  (42) 

The form of the depolarization component of the differential matrix is described in 

Ref. [18]. Equations (39) and (42) allow the values of all elementary optical 

anisotropy components to be retrieved from the MM. The described approach has 

been validated for forward-scattering geometries [9].  

2.3 Terahertz radiation: general properties 

The THz frequency range lies between infrared (IR) and microwave regions of the 

electromagnetic spectrum (typically, 0.1–10 THz; wavelengths: 30 μm to 3 mm). 

The waves of the THz frequency range have many promising applications, 

particularly in communications [19], biomedical diagnostics and  

monitoring [20], [21], quality control [22], security, and others [2]. Presently, THz 

imaging and sensing techniques are utilized outside research for the security 

screening and identification of concealed explosives, drugs, and weapons, e.g. at 

airports and border checkpoints [2]. 

THz waves have several important features, which stimulated researchers to 

develop THz technology for various applications. (i) The photon energy of THz 

photons is in the order of 1 meV, which is significantly lower than the ionizing 

energy of biomolecules. In general, THz radiation is therefore more harmless for 

biological tissues than other types of electromagnetic radiation used for medical 

diagnostics. (ii) THz radiation is characterized by very strong water absorption. It 

could therefore be used as a sensitive and precise non-invasive hydration probe. (iii) 

Due to long wavelengths, THz radiation is less affected by scattering. Most dry 

materials are therefore transparent in this frequency range, which allows many 

applications in the field of security and quality control. (iv) Many molecules exhibit 

spectroscopic features in the THz frequency range, which allows composition 

information about the examined samples to be obtained. (v) THz pulsed 

spectroscopy allows both real and imaginary parts of optical properties of the 

screened media to be obtained, which gives access to both absorption and 

dispersion information in the same measurement [2].  
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3 Interaction of light with biological tissues 

3.1 Optical properties of biological tissues  

Biological tissues are typically absorbing inhomogeneous media with high 

scattering in the visible and near infrared (NIR) spectrum range. High scattering 

and absorption limit the light penetration depth into the biological tissues. 

The exponential Bouguer–Beer–Lambert law characterizes the attenuation of 

the incident collimated monochromatic beam by the medium due to its scattering 

and absorption, using scattering (μs) and absorption (μa) coefficients as 

𝐼 𝑑 𝐼 exp 𝜇 𝑑 ,  (43) 

where d is the tissue thickness, I0 is the incident light intensity, I(d) is the measured 

collimated transmittance, and μt is the total attenuation coefficient (μt = μa + μs). As 

follows from Eq. (43), the coefficients μa and μs are the reciprocals of the distance 

within the medium, at which the collimated monochromatic beam is attenuated in 

e times due to absorption/scattering. Importantly, Eq. (43) is valid only for low 

scattering and for the detected ballistic photons (photons transmitted without 

scattering). Thus, due to the high scattering of real biological tissues in the visible 

and NIR spectrum range, for the mathematical description of the light propagation 

through biological tissues, the radiative transfer theory (RTT) is widely used [23], 

[24]. The RTT takes into consideration the losses of intensity due to absorption and 

scattering in directions other than the direction of incident illumination, and the 

increase in the intensity due to scattering in the initial direction, but does not include 

diffraction effects.  

3.1.1 Absorption 

In the visible and NIR spectrum range, the absorption of light by a biotissue arises 

mainly from the presence of such chromophores as hemoglobin (oxygenated and 

deoxygenated), melanin, and water. The characteristic absorption spectra of tissue 

chromophores can be found, e.g. in [25]. Typical values of μa for biological tissues 

vary from 10−3 to 103 mm−1 in the visible and NIR spectrum range [26]. For 

example, the values of μa of different layers of human skin vary within  

10-2–102 mm−1 in a 400–1,000 nm range with high absorption before 450 nm and 

low absorption after 600 nm [27]. With regard to the absorption spectra of the tissue 

chromophores, the “diagnostic window” has been established. This term refers to 
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the light wavelength range (600–1,300 nm) at which the absorption of biotissues is 

low (the lower limit of the range is defined by hemoglobin absorption, and the 

upper limit is defined by the absorption of water) [26]. Thus, scattering is the 

dominant phenomenon in this spectral range. 

In the THz spectrum range, melanin and hemoglobin absorption are much 

weaker (μa ≤ 0.1 mm−1) [28], [29]. However, water absorption is very strong: 

μa = 10–30 mm−1 at 0.1–1.6 THz [2]. Although many biological macromolecules 

have specific features at THz frequencies, water is the dominant chromophore of 

biological tissues in the THz frequency range [20], [29], [30]. 

3.1.2 Scattering 

In the visible and NIR range, biological tissues typically exhibit spatial variations 

of the refractive index (RI) values due to the properties of different tissue 

components. The RI mismatch between tissue components has a strong influence 

on tissue scattering properties. Generally, the mismatch of RI is observed between 

the ground matter (extracellular fluid, intercellular fluid, cytoplasm) and dense 

structural elements such as the cell nucleus, subcellular organelles, membranes, 

scleroprotein (collagen, elastin) fibers, and others. While the RI of the ground 

matter is estimated as 1.35 ≤  n0 ≤ 1.37, other components exhibit higher RI:  

1.39 ≤  ns ≤ 1.47 [26]. Thus, they act as scattering particles inside the ground 

medium [26], [31], [32]. The typical values of μs for biological tissues are in the 

order of 10–70 mm-1 in the visible and NIR range [25], [33]. 

Biological tissues typically exhibit elastic scattering (scattering with no energy 

transfer), while inelastic scattering (e.g. Raman scattering) is much less probable. 

Depending on the interrelation between the size of scattering particles and the 

wavelength of incident illumination, different models are used to describe elastic 

light scattering. The Rayleigh theory describes the case of relatively small 

scattering particles: m(2πa/λ) ≪ 1, where m is the relative RI of the scatterers, 2πa/λ 

is the dimensionless size parameter, and a is the radius of the particle. The Mie 

theory covers the case of particles in the order of the wavelength magnitude: 

2πa/λ ~ 1 [31]. 

In biological tissues, the sizes of tissue structure elements and cells vary from 

tenths of nanometers to tenths of micrometers. The size of most mammalian cells 

lies in the range of 5–75 μm, the diameter of cell nuclei is 5–10 μm, the size of 

mitochondria is in the order of 1–2 μm, and lysosomes and other organelles are 

typically 20 nm and smaller [26]. For fibrous tissues, the typical diameter of fibers 
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ranges from 10 to 400 nm, while their length varies from 10 μm to a few 

millimeters [26]. Thus, depending on the wavelength of incident illumination, 

different tissue structures scatter light. While in the visible and NIR range, light 

scattering from biological tissues is always a combination of Mie and Rayleigh 

scattering. For λ > 500 nm, Mie scattering dominates [25], [34].  

In the THz frequency range, scattering by biological tissues is particularly 

weak due to the wavelengths of THz waves, which are significantly larger than 

most biological tissue components. Thus, in the interactions between THz waves 

and biological tissues, absorption dominates [20]. 

3.1.3 Anisotropy 

Anisotropy of light scattering 

The scattering properties of the medium are described using the scattering phase 

function (also called a scattering diagram) defined as p Ω,Ω'  . This function 

describes the probability density that a photon incident at a scattering particle from 

direction Ω  is scattered in the direction Ω'  [35]. If scattering in all directions is 

equiprobable, the scattering is called isotropic. Otherwise, scattering is anisotropic. 

The average cosine of the scattering angle is called the scattering anisotropy factor 

g = ⟨cos θ⟩. If scattering occurs predominantly in the forward direction, g is positive; 

g is negative if backscattering is predominant. For isotropic scattering, 

g = 0 [35]. Within the diffusion approximation of the RTT equation, the reduced 

(transport) scattering coefficient is used to describe light attenuation in highly 

scattering media, defined as [23] 

 𝜇 𝜇 1 𝑔 . (44) 

This coefficient incorporates both the scattering coefficient and the anisotropy 

factor. The reduced scattering coefficient is used to define the transport mean free 

path (TMFP) of a photon. TMFP is a distance within the medium over which a 

photon loses its initial direction, defined as [23] 

𝑙 .  (45) 

Here, μtr = μa + μs' is the transport coefficient.  

Rayleigh scattering is isotropic, while Mie scattering is highly anisotropic 

(predominantly, forward scattering). Thus, biological tissues are typically 
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characterized by highly anisotropic scattering (g ~ 0.8–0.9) in the visible and NIR 

range [25], [34].  

Tissue anisotropy of form 

Tissue anisotropy of form is responsible for such optical phenomena as 

birefringence, dichroism, and optical activity. The considered phenomena often 

occur in the visible and NIR range. Due to the interrelation between the wavelength 

and the size of biological tissue structures in the THz frequency range, tissue 

anisotropy of form is typically neglectable in the THz region.  

Birefringence (linear or circular) is the property of the medium to have 

different values of the real part of RI, depending on the SoP of incident illumination. 

Thus, birefringence evokes retardance of one polarization eigenstate with respect 

to another. Importantly, scattering also induces retardance. Currently, no 

polarization-based technique allows the contributions of birefringence and 

scattering of light to the phase shift between orthogonal field components of 

polarized light to be distinguished. However, it was demonstrated that the Stokes 

vector polarimetry with circularly polarized incident illumination combined with 

the use of the Poincaré sphere provides the opportunity to distinguish these 

contributions at certain conditions [Paper I], [Paper II]. This issue is addressed in 

detail in Chapter 5.  

Most commonly, linear form birefringence is observed in fibrous tissues due to 

the linearly ordered structure of fibers. The longitudinal axis of fibers acts as the 

optic axis; thus, light polarized along the optic axis has a higher RI (the 

extraordinary case) than light polarized perpendicular to the optic axis (the ordinary 

case). The phase retardation between orthogonal polarization components (δ) 

depends on the length of the light trajectory in the medium (d) and the difference 

of the ordinary and extraordinary RIs (Δn) as [3], [26] 

𝛿
∆

.  (46) 

The examples of tissues that typically exhibit sufficient birefringence are stroma, 

tendon, muscle, myocardium, and cartilage [3], [26]. 

Fibrous tissues also exhibit dichroism (diattenuation, linear or circular), which 

is the ability of the medium to attenuate light differently due to the inequality of the 

values of the imaginary part of the RI for different light SoPs. Circular dichroism 

(and birefringence) appear due to the spiral-like structure of protein molecules [26]. 
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Many tissue components may exhibit optical activity, which originates from 

the chirality (asymmetricity) of molecules, e.g. glucose. This property is typically 

manifested in the ability to change ψ, i.e. rotate the PE of incident polarized 

illumination. The amount of rotation depends on the concentration of the chiral 

molecules, light pathlength, and wavelength [26]. 

3.2 Control of tissue properties and tissue processing 

3.2.1 Optical clearing: reduction of scattering and absorption 

Optical clearing (OC) is one of the methods applied in many medical applications 

to control the optical properties of biological tissue. Other methods for the variation 

of the optical properties of biological tissues are tissue whitening, mechanical tissue 

compression/stretching, and temperature variations [26], [33]. OC enhances the 

translucence of the medium by reducing scattering; thus, OC increases the 

penetration depth and contrast of in-depth optical imaging techniques [26], [33]. 

The two mechanisms of OC are the change of the packing parameters of the tissue 

(tissue dehydration) and the matching of the RI between tissue  

components [26], [32], [36]. OC via immersion in the optical clearing agent (OCA) 

is applied to reduce the RI mismatch, and consequently decrease the scattering 

coefficient and increase the scattering anisotropy factor. This mechanism is 

temporary and reversible, which is crucial for clinical applications. Examples of 

OCA agents are glycerol, glucose, dimethyl sulfoxide, and their water-based 

solutions. When the tissue is immersed in the OCA solution, the OCA creates 

osmotic pressure on the tissue, which stimulates dehydration. Due to the partial 

water loss, the tissue shrinks and becomes more compact. The reduced thickness 

and increased closeness of scatterers within the tissue lead to the constructive 

interference of the scattered waves in the propagation direction of the incident beam, 

thereby making the sample more transparent [32], [33], [36]. After the partial 

dehydration, the OCA molecules easily diffuse into the tissue replacing water and 

stay next to the scattering centers. Since the RI of the OCA is higher than that of 

water, the initial RI mismatch is reduced.  

In the THz frequency range, scattering is negligible, but absorption is the 

dominant barrier of the THz waves’ penetration into the tissue. Due to the 

dehydration mechanism, OC has been used to reduce mobile water content and 

enhance the imaging contrast [37], [38].  
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3.2.2 Preservation of tissue architecture in vitro 

In order to assess the structure of the excised specimen in detail, histological 

analysis, i.e. the conventional white-light microscopy of stained histological 

sections, is currently being used as the gold-standard method in clinical practice. 

The standard procedure of histological analysis consists of several laborious sample 

preparation steps aimed at the maintenance of tissue architecture after excision by 

cross-linking proteins and inhibiting autolysis [39]. This process includes the fixing 

of the excised tissue with a 4% formalin solution for days or weeks (depending on 

the specimen’s size), sectioning and processing of the fixed tissue, dehydration, 

embedding in paraffin, thin sectioning of the obtained formalin-fixed paraffin-

embedded (FFPE) tissue block with a freezing microtome, mounting the thin slices 

on a glass slide, immunohistochemical (IHC) staining, and finally, the microscopic 

investigation of the thin tissue sections. This protocol is expensive and time-

consuming; the accuracy of the diagnosis depends strongly on the pathologist’s 

skills, because the technique provides only qualitative information. There is 

therefore a vital requirement of new, label-free, quantitative, and less labor-

intensive techniques, e.g. based on optical biopsy. Chapters 6 and 7 discuss the 

possibility of performing screening for pathological changes in different tissues, 

using polarized light and FFPE tissue samples (i) without staining procedures (in 

the transmission geometry), and (ii) without slicing and staining procedures (in the 

backscattering geometry).  
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4 Polarimetric and terahertz sensing and 
imaging: typical configurations and 
applications 

4.1 Characterization of biological tissues with polarized light 

4.1.1 Polarization as an add-on 

Polarization of light is widely used as an add-on in many biomedical techniques 

based on optical imaging as a gating mechanism for the separation of photons 

which have undergone a small number of scattering events from multiply scattered 

photons. Polarization filters allow e.g. the elimination of specular reflection, 

improving imaging contrast and resolution, excluding surface effects, or in contrast, 

isolating superficial information for a thorough analysis. These effects provide 

valuable insights into the morphological structure of a biotissue. Examples of 

optical techniques using polarization as an add-on are conventional white-light 

microscopy, polarization-sensitive hyperspectral imaging [40], polarization-

sensitive optical coherence tomography [41], and polarization-sensitive nonlinear 

microscopy [42]. 

4.1.2 Optical polarimetry as a standalone modality 

Optical polarimetry as a standalone modality shows great potential for label-free 

tissue characterization by measuring the samples’ polarization properties 

originating from the tissue’s morphological composition. Acquiring the tissue 

polarimetric response allows the monitoring of structural changes in the tissue, such 

as the remodeling of fibrous networks due to pathological changes in e.g. skin tissue, 

the myocardium, uterine cervix, or the enlargement of nuclei and/or other scattering 

particles (typical of cancerous tissues).  

Typical configurations of polarimetric sensing and imaging 

In order to determine the optical properties of the sample, one needs to measure the 

polarization changes occurring in the probing light beam after its interaction with 

the sample. Generally, any polarimetric technique consists of the following 

structural elements (in the order of light travel): light source; polarization-state 
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generator (PSG); specimen under examination; polarization-state analyzer (PSA); 

detector. The PSG is used for the modulation of the polarization of the incident light 

beam, whereas the PSA is used to determine the SoP of the emerging light after its 

interaction with the specimen. The PSG and PSA are typically composed of the 

same elements (assembled in reverse order), most commonly, a polarizer and one 

or two variable retarders [7]. 

The Stokes-Mueller formalism is extensively utilized in polarimetric 

biomedical imaging. By the type of measured quantities, the experimental 

approaches to investigate tissue samples within the Stokes-Mueller formalism can 

be divided into: (i) Stokes polarimetry (illuminating the biological tissue with the 

known Stokes vector and measuring the Stokes vector of light emerging from the 

tissue); or (ii) Mueller polarimetry (measuring the full or partial MM of the sample 

by illuminating the sample with light of several different SoPs and analyzing the 

light emerging from the sample with the same SoPs). By the measurement 

configuration, the polarimetric systems operate either in (i) transmission or in 

(ii) backscattering geometries. By the type of light source, the polarimetric systems 

can be (i) laser-based or (ii) white-light-based. By the type of detection, 

polarimetric imaging can be based on (i) a point-wise scanning approach or (ii) 

wide-field illumination and detection. In addition, the polarimetric techniques can 

be (i) color-blind or (ii) enriched by spectral information.  

Advantages and limitations of the considered approaches 

Each of the considered configurations has certain advantages, as well as some 

limitations. In particular, the backscattering geometry allows the non-invasive 

screening of bulk tissue. Consequently, such geometry has more potential 

applications in vivo and an easier transition to future clinical use, as the sample 

preparation procedures are less exhaustive, and the probe does not need to be in 

any contact with the sample. However, the great limitation of the polarimetric 

systems operating in backscattering geometry is specular reflection. For example, 

in most MM imaging systems with wide-field illumination and detection, specular 

reflection is reduced by using unequal angles of incidence and detection. In 

intensity-based imaging techniques, crossed polarizers are often used for the 

complete elimination of specular reflection. However, this solution is clearly 

impossible for polarimetric imaging. Despite the unequal angles, the surface 

roughness inherent to biological samples does not allow full elimination of artifacts 

of specular reflection. In practice, the issue of remaining specular reflection is 
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tackled by covering the sample surface with a refractive-index-matching substance 

such as water, refractive oil, or glass and/or by excluding the part of the image 

affected by specular reflection during data processing. Neither solution is ideal, 

because in the former, the potential non-invasiveness is ruined, and in the latter, 

some important information may be lost or misinterpreted. Naturally, in any 

imaging system operating in transmission geometry, specular reflection poses no 

issues. However, transmission geometry requires greater effort to prepare the 

samples and is sufficiently further from the potential in vivo applications than 

backscattering geometry. 

Additionally, wide-field imaging in backscattering geometry allows mostly 

superficial information to be obtained, essentially, in a single-scattering regime, 

whereas the point-wise scanning approach based on a focused laser beam allows 

better control of light localization within the tissue and the adjustment of the 

sampling volume of the measurement. However, the measurement time of the 

scanning-based approach is sufficiently longer than in camera-based detection.   

Advances of Stokes and Mueller polarimetry in biological tissue 

characterization  

In recent years, the MM imaging technique has shown promising results in bulk 

tissue characterization. It has been shown that a wide-field Mueller polarimetric 

imaging system in the backscattering geometry can be utilized for the 

differentiation of healthy and cancerous human colon tissues, based on the 

depolarization differences in healthy and cancerous tissues, identifying the stage of 

colon cancer development, and an evaluation of the residual cancer tissues after 

neoadjuvant treatment [43]–[48], [Paper V]. Moreover, Mueller imaging was used 

to differentiate healthy, pre-cancerous, and cancerous regions of the human uterine 

cervix [49], [50]. It was also demonstrated that based on the retardance images of 

a rat bladder obtained with Mueller polarimetry, distending bladder obstruction can 

be measured [51]–[53]. It was also demonstrated that Mueller polarimetry in the 

transmission geometry enables the characterization of the micro-organizational 

state of the rat myocardium in a healthy state and after infarction [54], and the 

human myocardium with different necrotic conditions [Paper VI].  

Stokes polarimetric point-wise imaging in the backscattering geometry was 

used to yield promising results in screening cancer aggressiveness [55], colon 

cancer detection [56], early skin cancer diagnostics [57] and characterization of 

other turbid tissue-like scattering media [58], [59], [Paper I], [Paper II], [Paper IV]. 
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In order to quantify and graphically illustrate the changes of light SoP after 

interaction with the medium, the Poincaré sphere was used [55], [56], [58], [59], 

[Paper I], [Paper II], [Paper IV]. Circularly polarized illumination was widely 

utilized in previous studies due to its unique properties. It is characterized by the 

directional awareness [60]–[65], i.e. a flip in the helicity in the case of 

backscattering and the preservation of helicity in the case of forward scattering. 

Moreover, in the Mie scattering regime and in backscattering geometry, circularly 

polarized light preserves its polarization during the largest amount of scattering 

events among other polarization states, which is referred to as polarization 

memory [60]–[62], [64]. This phenomenon allows a larger sampling volume 

compared to the linear or elliptical polarization to be probed [66]. In addition, it has 

been demonstrated that in the described conditions, the transition between linear to 

circular polarization and their combined use allows depth-resolved imaging, 

differentiating surface effects, and the elimination of specular reflection [67], [68]. 

4.2 Terahertz radiation technology for biomedical applications 

4.2.1 Generation and detection of pulsed terahertz radiation 

A typical pulsed THz wave generation and detection system (THz time-domain 

spectroscopy (TDS) system) is based on a femtosecond laser [2]. The light from a 

femtosecond laser is split into the probe and pump beams. The higher intensity 

pump beam is used for the generation of THz radiation, while the second beam is 

used to obtain the THz pulse waveform. The photoconductive antenna is the most 

frequently used component for THz generation and detection. However, THz 

generation is also often performed using semiconductors, typically, GaAs and InAs, 

and different nonlinear effects (optical rectification, photo-Dember effect) [2]. 

THz detection is most commonly performed with cross or balanced measurement, 

utilizing an electro-optical crystal (e.g. CdTe, ZnTe) [2]. The presence of the THz 

field alters the birefringence of the electro-optical crystal; the difference between 

LVP and LHP polarization components is proportional to the THz field. The THz 

waveform is obtained by scanning a delay stage, which can be placed either in the 

probe or in the pump beam path for the time resolved measurement. The ultra-short 

femtosecond pulse beam probes the longer THz pulse when the delay stage is 

scanned. The key feature of this technique is that the pump and probe beams are 

derived from the same beam, which ensures their coherence. This allows not only 
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the attenuation of the THz signal due to absorption to be measured, but also the 

phase difference introduced by the sample. To increase the signal-to-noise ratio, a 

phase-sensitive method with a lock-in amplifier and a mechanical chopper is used. 

Generally, the measurements consist of two stages that include obtaining a sample 

signal and a reference signal (in this case, the sample is removed from the THz 

path). The THz pulse waveform acquired in the time domain is transformed into 

the frequency domain with the Fourier transform. 

4.2.2 Biological applications of terahertz radiation 

As THz radiation is characterized by strong water absorption, this frequency range 

is very sensitive to the changes in water content within the examined tissues. Recent 

investigations of water dynamics have shown that the state of water within 

biological tissues may be divided into four types, depending on the bounding 

strength: strongly bound; tightly bound; weakly bound; and free water [33]. The 

latter two states of water are also called mobile; water of these two states leaves 

tissue first during dehydration. The water molecules of the other two states are 

typically “bound” to proteins and tissue components and stay aligned in layers [69]. 

They are characterized by the reduced mobility and retarded rearrangement of 

hydrogen bonds compared with mobile water [69]. It has been demonstrated that 

compared with healthy zones, pathologically changed cells and tissues are typically 

characterized by higher mobile water content. It has also been shown that proteins 

within pathological tissues are characterized by the reduced ability to bind water 

molecules [70]. As a consequence, in pathological tissues, the ratio between bound 

and mobile water shifts in favor of mobile water [70], [71]. Moreover, it has been 

demonstrated that the THz absorption spectrum of mobile and bound water differ 

[69]. The differences between the water content and bound-to-mobile water ratio 

in healthy and pathological zones was detectable with THz spectroscopy even after 

formalin fixing [71]. Thus, THz waves may be used to differentiate normal from 

pathological tissues. 

At the same time, the high water absorption of THz radiation poses a limitation 

to some applications of THz waves in biomedical research, because the penetration 

depth of THz waves into hydrous objects is rather shallow (for typical THz pulsed 

spectroscopy systems, the penetration depth in skin is approximately 1 mm and 6 

mm in fat [21]). Additionally, due to the relative novelty of the field, the current 

THz spectroscopy and imaging systems leave much room for improvement in such 



46 

parameters as data acquisition speed, size and cost-effectiveness, which is currently 

the goal of many physicists and engineers engaged in the field [21]. 

It has been shown that THz radiation can be used for imaging and 

characterization of skin tissue for the effective and early diagnosis of skin cancer 

[72], [73]. Due to the reduced scattering of THz radiation, in contrast with the 

visible and IR range, THz waves penetrate sufficiently into the stratum corneum, 

which mostly consists of dehydrated dead cells. Cancerous zones could thus be 

fully mapped with the aid of THz imaging based on THz radiation absorption. It 

has also been demonstrated that THz imaging can be utilized for monitoring burn 

wounds and identifying burns’ severity [74], [75]. Moreover, it has been shown that 

THz radiation can potentially be used to diagnose other types of cancer, in particular, 

stomach [76], [77], breast [78], [79], pancreatic, and lung [80]. In addition, THz 

TDS has been applied to non-invasive glucose level monitoring [81]–[83], teeth 

caries detection [84], and the quality control of food and pharmaceutical  

products [22].   

As the penetration of the THz waves is limited to superficial layers, OC has 

been suggested as a method to enhance the image contrast both by reducing the 

total water content in the tissue and changing the mobile-to-bound water ratio. 

In order to monitor the process of dehydration during the OC of biological tissues, 

THz TDS was used [37], [38]. THz radiation has also been used to assess water 

content in plants, leather, and meat [38], [85]–[88], [Paper VII]. 
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5 Stokes-vector polarimetry of biological 
tissues: isolated contributions of 
birefringence and scattering 

5.1 Experimental system 

The schematic representation of the Stokes-vector polarimetry system based on the 

circularly polarized illumination is shown in Fig. 4.  

Fig. 4.  The schematic presentation of the experimental setup. The insert shows 

incident and detection spots, and LSD. Explanations are given in the text (Reprinted 

[adapted] under CC BY 4.0 license from Paper I © 2020 Authors). 

A laser source (wavelength 640 nm) produced linearly polarized light, which was 

altered into RHCP light with a half-wave plate (HWP) and a quarter-wave plate 

(QWP). The incident RHCP light was focused on the sample with an objective lens 

at a 55o angle. The light backscattered from the sample was collected at a 30o angle 

with a 20x objective lens. The SoP of the collected light was analyzed with a 

commercial Stokes-vector polarimeter, which consisted of a rotating QWP, a 

polarizer, and a power meter. The separation between the points of incidence and 

detection LSD (see inset of Fig. 4) varied. The diameter of the incident beam di was 

approximately 15 µm; the field of view of the collecting objective lens dd was 

50 µm. The spatial scanning of the sample was performed using a 2D translation 

stage. The Stokes vectors of the light backscattered from the sample were analyzed 
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using the Poincaré sphere as a graphical tool. As a result of interaction with the 

sample, the incident circular polarization (see Poincaré sphere on the left) 

transformed into arbitrary elliptical polarization (see Poincaré sphere on the right). 

The angles of incidence and detection were unequal to eliminate specular reflection 

artifacts. The exact values of the incidence and detection angles were optimized in 

accordance with the technical specifications and limitations of the setup geometry, 

in particular, the physical sizes of the objective lenses and the sample. 

5.2 Model experiments 

First, in order to demonstrate the concept of source-detector separation and its 

effect on the SoP of the detected light backscattered from a turbid tissue-like 

scattering medium, a series of experiments with the variation of LSD using biotissue-

mimicking phantoms as samples was conducted. Further, with the aim of exploring 

the contributions of scattering and birefringence to the phase retardation of 

circularly polarized light, a series of experiments with variation of scattering and 

birefringence with the aid of tissue phantoms was performed. 

5.2.1 Tissue phantoms 

The phantoms of biological tissues were fabricated in-house using polyvinyl 

chloride plastisol (PVCP) as a ground material and ZnO particles as scattering 

agents. The preparation procedure is described in Ref. [89]–[91]. The scattering 

properties of the fabricated phantoms were confirmed with the standard 

measurements of collimated transmittance, total transmittance, and total reflectance 

[91], [92] using a spectrophotometric system in the 600−700 nm range. The 

thickness of the phantoms was measured using an optical coherence tomography 

system, whereas the refractive index was estimated with an Abbe refractometer. 

5.2.2 Variation of the source-detector separation 

In the experiments, two tissue phantoms (μs = 4 and 6 mm-1, g ≈ 0.8, 

thickness = 8 mm) were measured at different values of LSD. The measurements 

were performed in one spatial point over 30 s. The recorded data were averaged 

over time. The value of LSD was measured from the estimated zero point, which 

was the spot of the overlap of focal points of the illumination and detection arms 

on the surface of the sample. The further overlap of the source and detector optical 
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axes beyond the LSD = 0 point resulted in negative LSD, while their separation 

yielded a positive value of LSD. 

Figure 5 shows the experiments’ results. Panels (a–d) show DoP and elements 

of a completely polarized component of the Stokes vector [SP, see Eq. (16)] 

respectively, versus LSD. Panel (c) shows Stokes vectors mapped on two Poincaré 

spheres (with respect to DoP). In panel (c), the radii of the outer (gray) and inner 

(purple) spheres correspond to 100% and 15% respectively.  

Fig. 5.  Alteration of the SoP of the light backscattered from two phantoms, with 

μs = 6 mm-1 and 4 mm-1 while the source-detector separation LSD was varied. (a) DoP, (b) 

V, (c) Q, (d) U Stokes parameters, (e) Stokes vectors plotted separately on two Poincaré 

spheres for measurements of two phantoms with μs = 6 mm–1 on the left, and  

μs = 4 mm–1 on the right (Data for the phantoms with μs = 6 mm–1 from Paper I). 

As Fig. 5 shows, the measured SoPs of light scattered from the phantoms depends 

significantly on LSD. With an increase of LSD, the DoP decreases, as the sampling 
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volume [58] increases. Thus, the highest values of the DoP (up to 97%) were 

achieved at the smallest LSD, as the detected light went through the lowest number 

of scattering events. With an increase of LSD, the contribution of photons which 

underwent multiple scattering grows and the DoP of detected light decreases. 

In the zero point, the SoP of detected light is close to linear, which is evidence 

that the detected portions of the light with left- and right-handed helicities were 

almost compensated. However, with the small LSD (for μs = 6 mm-1,  

−0.05 mm ≤ LSD ≤ 0.15 mm, for μs = 4 mm-1, −0.05 mm ≤ LSD ≤ 0.2 mm), the 

helicity of the detected light was left-handed [see Fig. 5(b,e)]. The left-handed 

helicity is an indicator that the larger number of detected photons underwent the 

helicity flip on interaction with the phantoms. Due to the directional awareness of 

circularly polarized light, the helicity flip is an indicator of one or other odd number 

of backscattering events [93]. On the contrary, for the large LSD (for μs = 6 mm-1, 

0.2 mm ≤ LSD ≤ 0.6 mm, for μs = 4 mm-1, 0.4 mm ≤ LSD ≤ 0.6 mm), the helicity of 

the detected light is right-circular [see Fig. 5(b,e)]. This means that the majority of 

the detected photons underwent forward scattering and preserved their helicity. As 

the value of V increases, the Q component decreases [see Fig. 5(c)], preserving the 

physical realizability of the Stokes vector. Thus, DoP of linear polarization 

decreases, while the DoP of circular polarization increases with the enlargement of 

LSD [see Eqs. (14) and (15)], due to the growing contribution of forwardly scattered 

photons. The U Stokes vector component remains nearly unchanged [see Fig. 5(d)].  

Although the Stokes vector and DoP exhibit similar behavior for two phantoms, 

their values differ due to the different optical properties of the phantoms. Due to 

lower scattering, the results for the phantom with μs = 4 mm-1 show higher DoP 

than for the phantom with μs = 6 mm-1. Moreover, due to the longer mean free path 

of the photons in the lower scattering phantom, the polarization helicity in this case 

changes more slowly with the increase of LSD than in the case of the higher 

scattering phantom [see Fig. 5(b)]. 

These model experiments demonstrated that LSD variation enables control over 

the sampling volume of the measurements and provides a gating mechanism for a 

transition between single-scattering and multiple-scattering regimes. 

5.2.3 Model experiments on alteration of phase of circularly 

polarized light due to scattering and birefringence 

In order to demonstrate the effect of the change of scattering on the phase shift 

between transverse electric field components of circularly polarized light, two 
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phantoms (μs = 4 and 8 mm-1, g   ≈ 0.8, thickness = 1 mm) were screened. 

Simultaneously, the phase alteration occurring due to birefringence was mimicked 

by adding a variable phase shift to incident illumination utilizing the HWP (see Fig. 

4). Experiments were performed in a multiple scattering regime (LSD = 1.5 mm). At 

first, for the demonstration of the phase alterations occurring due to birefringence 

in the absence of scattering, a simple experiment with a mirror used as a sample 

was performed (in this case, μs = 0 mm-1, LSD= 0 mm). 

Figure 6 shows the alterations of the SoP of light reflected from the mirror and 

scattered from the tissue phantoms while a growing phase shift mimicking a 

birefringence alteration was added. Panels (a, b) show V Stokes component and 

DoP respectively, plotted against the phase retardation. Panel (c) shows Stokes 

vectors mapped on the Poincaré sphere. 

 

Fig. 6.  Results of the model experiments: (a) V Stokes parameter, (b) DoP of light 

reflected from the mirror (black circles, μs = 0 mm−1) and scattered from two phantoms 

(green triangles: μs = 4 mm−1, purple squares: μs = 8 mm−1), (c) Stokes vectors (black 

spheres, μs = 0 mm−1, green cones: μs = 4 mm−1, purple cubes: μs = 8 mm−1) mapped on 

the Poincaré sphere. Inner (yellow) and outer (gray) spheres correspond to 15% and 

100% DoP respectively (Reprinted [adapted] under CC BY 4.0 license from Paper I  

© 2020 Authors). 

According to the results presented in Fig. 6(a,c), the V Stokes vector component 

significantly changed as a result of the birefringence alteration. However, the DoP 

remained nearly constant for all samples [see Fig. 6(b,c)]. The change in the phase 

retardation between transverse electric field components of polarized light is 
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observed as a shift of the Stokes vector along the surface of the Poincaré sphere, 

whereas the effect of scattering alterations is observed as the change of the radii of 

Stokes vector tracks within the Poincaré sphere. Based on these results, 

experiments with chicken skin aiming for the observation of the separate 

contributions of scattering and birefringence in real biological tissue were 

performed.  

5.3 Experiments with chicken skin 

A sample of skin from a chicken thigh purchased in a local food store was cut into 

an approximately 2.5 × 6.5 cm2 piece. To avoid the artifacts of scattering on the 

residual feather follicles or flakes on the surface of skin, the skin samples were 

screened from the inner side. 

5.3.1 Variation of the source-detector separation 

Analogously to the experiments described in Section 5.2.2, first, the SoP of 

backscattering light from chicken skin was measured at different values of LSD. 

Figure 7 shows the results of the experiment of LSD variation and the consequent 

changes in the SoP of light backscattered from skin sample. Similarly to the results 

obtained with phantoms (see Fig. 5), with the increase of LSD, the DoP of light 

backscattered from the chicken skin sample decreases, while the V Stokes 

parameter exhibits a sign change indicating helicity flip of circularly polarized light. 

Due to its smaller thickness, the polarization helicity flips at a larger LSD compared 

to both phantoms [see Fig. 7(b): V curve, Fig. 5(b)]. 
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Fig. 7.  The changes of SoP of light backscattered from the sample of chicken skin due 

to LSD variation: (a) DoP, (b) Q, U, V Stokes parameters, (c) Stokes vector mapped on the 

Poincaré sphere with respect to the DoP. The radii of the outer (gray) and inner (purple) 

spheres correspond to 100% and 15% DoP respectively. 

5.3.2 Variation of scattering and birefringence in chicken skin 

Description of experiments 

While in the model experiments, the change of the optical properties of the samples 

was achieved directly, in the experiments with chicken skin, the optical properties 

were altered with the aid of specific procedures. OC was utilized to suppress 

scattering, while mechanical stretch was applied to the skin sample to induce 

birefringence. The 40% glycerol-water solution was used as OCA. The optical 

properties of intact chicken skin and skin after 1 h of OC were measured with the 

same procedure as described in Section 5.2.1. The results showed that μs of chicken 

skin reduced by 30% (from 13 to 9 mm−1), whereas the anisotropy factor g 

increased by 18% (from 0.81 to 0.95) after 1 h of OC. 

The polarimetric measurements were performed over the 2 × 2 mm2 scanning 

area with a 200-µm step. The experiments consisted of three stages. At first, the 

sample was kept intact under normal conditions to reduce the humidity of the inner 

surface of the freshly excised skin sample. At the second stage, a drop of OCA was 

applied to the surface of the sample. At the third stage of the experiments, after 1 h 

of OC, the sample was subjected to a gradually increasing mechanical stretch 
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oriented along the plane of incidence. The stretch was applied via the gravitational 

force of metal plates. The SoP of light backscattered from the sample was measured 

every 5 min; the obtained measurements were averaged over the scanning area. The 

LSD was set to 0.3 mm, as it was optimal for the sufficient DoP after spatial 

averaging (over 40%). No extra alignment of the sample was performed during the 

experiment in order to record the real-time polarization change during all three 

stages of the experiment without any external influence. 

Results and discussion 

Figure 8 shows the alterations of SoP of light backscattered from the sample of 

chicken skin during drying, OC, and stretch. Panels (a,b) show DoP and V Stokes 

parameter respectively, plotted against the experiment’s timeline; panel (c) shows 

the resultant Stokes vector tracks mapped on the Poincaré sphere; panel (d) shows 

the enlarged view of the Stokes vector trajectory; panel (e) shows the detailed 

Stokes vectors alterations during the skin stretch. Each of the data points 

corresponds to the value of the Stokes vector or its component averaged over the 

scanning area. The error bars represent the standard deviation. In panels (c–e), error 

bars are in the order of the character size. 

As Fig. 8(a) shows, the DoP was approximately 40% at the beginning of the 

experiment, but it grew up to 50% due to dehydration, as it is one of the mechanisms 

of OC [33], [94]. At the moment of OCA application, the DoP fell significantly due 

to refractive index matching and an increase of the contribution of photons with 

longer pathlengths in the measured signal [95]. Further, during the OC, the DoP 

grew exponentially up to 80%, whereas by the 80th minute of the experiment, the 

growth had stopped. The application of the mechanical stretch did not cause notable 

alterations in the DoP, which is seen in the 2D graph [see Fig. 8(a)] and in the 

Poincaré sphere representation [see Fig. 8(c–e)], as the red data points 

corresponding to stretch lie on a sphere with roughly the same radius.  

According to the results presented in Fig. 8, at the beginning of the 

measurements, the SoP of the light was nearly linear, which is similar to the results 

obtained with the phantoms. During the experiment, the V Stokes vector component 

changed significantly [see Fig. 8(b,c–e)]. As Fig. 8(b) shows, the process of drying 

caused a decrease in the V Stokes parameter, followed by a rapid change at the 

moment of the OCA application. The process of OC led to the exponential decay 

of the V Stokes parameter until the curve became asymptotic by the 80th minute of 

the experiment. The subsequently applied mechanical stretch led to the inducement 



55 

of form birefringence in the sample, which was manifested in the renewal of the V 

Stokes parameter decay.  

Fig. 8.  Alterations of the SoP of light backscattered from the sample of chicken skin 

influenced by being kept under normal conditions (black), OC (green), and mechanical 

stretch (red): (a) DoP, (b) V Stokes parameter, (c) trajectory of the Stokes vector plotted 

on the Poincaré sphere, (d) enlarged view of the Stokes vector track, and (e) close view 

of data points corresponding to stretch. The inner (yellow) and outer (gray) spheres 

correspond to 15% and 80% DoP respectively (Reprinted under CC BY 4.0 license from 

Paper I © 2020 Authors). 

The mechanical stretch aligned initially dispersed collagen bundles in a major 

direction, inducing form birefringence in the tissue. As the incident RHCP light 

contained equal portions of light polarized in parallel and perpendicular directions 

with respect to the optic axis of the collagen fiber structure, the retardance of one 

of these polarization components with respect to another altered the phase shift 

between them, which was manifested by the change in the V Stokes parameter. 

Although in 2D plots in Fig. 8(a,b), the Stokes vector alterations due to stretch do 

not appear significant and do not differ sufficiently from the SoP alterations at the 

end of the OC, the representation of these alterations with the aid of the Poincaré 

sphere allows distinct separation of Stokes vector trajectories during each stage [see 

Fig. 8(c–e)]. The Stokes vector alteration due to the change in scattering as a result 

of drying and OC appears as a Stokes vector track directed simultaneously down 

and outside the sphere due to synchronous changes in the DoP and V Stokes 

parameter. However, the resultant trajectory of the Stokes vector caused by the 
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alteration in birefringence appeared as a locus of the Stokes vector on the surface 

of the same sphere. These findings correlate well with the results obtained in the 

model experiments (Section 5.2.3), but they occur at a much smaller scale, because 

the sample’s birefringence is minor. The relation of the model experiments is 

extended to the experiments with skin tissue stretching in the frame of the 

successive addition of phase alterations due to scattering to the phase shift coursed 

by birefringence within the resultant phase shift of the polarized light. 

According to the experimental results, the phase shift δ between electric field 

components of the light backscattered from the chicken skin tissue changed by 30% 

due to tissue drying, by 4.5 times due to the OC of the skin tissue, and by 1.3% due 

to mechanical stretch. The changes of the SoP during the first two stages of the 

experiment are attributed to the alteration of scattering. As by the third stage the 

scattering was sufficiently reduced by the OC, the application of mechanical stretch 

led to the phase retardation particularly associated with birefringence alteration. 

The measure of birefringence for the chicken sample is estimated using Eq. (46) 

as 0.3 × 10−3. This value of birefringence in skin agrees well with the known 

literature data [3]. It is evident that the scale of the birefringence phenomenon in 

skin is minor compared with scattering. It is therefore almost impossible to observe 

the phase changes due to birefringence in skin at normal conditions. With the 

described three-stage experiment, after the reduction of scattering and inducement 

of birefringence, we were able to observe and assess the birefringence in chicken 

skin. 

5.4 Summary and conclusions 

This chapter described the characterization of phantoms and biological tissues by 

means of Stokes vector polarimetry with a circularly polarized illumination. The 

impact of the source-detector separation on the SoP of light backscattered from the 

medium was studied utilizing tissue phantoms and chicken skin samples. The 

experimental study focused on the assessment of the distinct contributions of 

scattering and birefringence in the overall phase retardation of the circularly 

polarized light propagated through the tissue-like scattering medium was 

conducted utilizing tissue phantoms and chicken skin. In the model experiments, 

the alterations of scattering and birefringence in tissue were mimicked by phantoms 

with different scattering properties and adding a variable phase shift to the incident 

illumination. In the experiments with chicken skin, the optical properties of the 

sample were varied using OC and mechanical stretch. The results show that the 
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phase retardation between two transverse electric field components of the circularly 

polarized light changed by approximately 30% during 30 min of drying, by 4.5 

times during 1 h of the OC, and by 1.3% due to mechanical stretch up to 1.5 N.  

According to the obtained results, while the separate polarimetric parameters 

on their own do not bring sufficient information to distinguish the contributions of 

scattering and birefringence, the resultant Stokes vector trajectory mapped on the 

Poincaré sphere allows the role of both scattering and birefringence in the overall 

phase retardation between electric field components of circularly polarized light to 

be revealed. The birefringence induced by mechanical stretch is observed as the 

locus of the Stokes vector on the surface of the Poincaré sphere, whereas the 

alteration of scattering is manifested in the simultaneous changes in the magnitude 

of the Stokes vector and its altitude on the Poincaré sphere. These findings correlate 

well with the results of the model experiments. The value of birefringence in 

chicken skin was estimated as 0.3 × 10−3, which agrees well with the known 

literature data. 
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6 Evaluating progression of Alzheimer’s 
disease with Mueller matrix imaging 

6.1 Background: advances in diagnostics of Alzheimer’s disease  

The major hallmarks of AD are the accumulation of extracellular senile plaques 

composed of Aβ and intracellular neurofibrillary tangles composed of 

hyperphosphorylated tau protein and neuronal cell losses throughout the gray 

matter and hippocampi [96]. Clinical diagnostics of AD is performed using 

computed tomography, magnetic resonance imaging, positron emission 

tomography, and single-photon emission computed tomography [97]. However, 

these techniques are restricted by the spatial resolution of a minimum of 100–200 

µm [98], [99]. Histological analysis is currently the only technique that provides a 

definite diagnosis of AD. There is a growing demand for a new label-free, 

quantitative, and less labor-intensive technique, which in the future could be 

enhanced by machine-learning algorithms. 

The applications of several cutting-edge techniques have shown promising 

results in the label-free visualization of Aβ plaques in thin slices of fixed brain 

tissue. Examples are optical coherence microscopy [100], polarization-sensitive 

optical coherence microscopy [101], diffraction phase microscopy [102], 

multiphoton microscopy [103], cryo-micro-optical sectioning tomography [104], 

and stimulated Raman scattering microscopy [105]. It has been shown that the 

structural changes, in particular, Aβ plaques, are mostly observed in the gray matter 

and hippocampi, whereas the changes in the white matter are minor [102]. It has 

also been demonstrated that the brain tissue with AD exhibits higher inhomogeneity 

of RI, a higher scattering coefficient, higher birefringence due to the parallel 

alignment of fibrils in Aβ plaques, and a higher anisotropy of scattering [101], [102].  

Although the approaches mentioned above allow label-free imaging of brain 

tissue with sub-micron resolution, they require the sectioning of the FFPE tissue 

block into thin slices. In contrast, in the study described in this chapter, the 

examined FFPE blocks were preserved, and the bulk tissue inside the blocks was 

screened non-destructively with the aid of wide-field imaging Mueller polarimetry.  
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6.2 Methods and materials 

6.2.1 Mueller matrix polarimetry system 

The schematic of the multi-wavelength wide-field imaging MM system operating 

in backscattering geometry [50] is shown in Fig. 9. The PSG, composed of a linear 

polarizer and two electrically driven liquid crystals, altered the polarization of 

white light emitted by the halogen light source. The light backscattered from the 

sample was analyzed with the PSA assembled with the same components as PSG 

in reverse order. A wheel with 6 bandpass filters (20 nm bandwidth centered at  

450–700 nm with a 50 nm step) was placed in front of the CCD camera.  

Fig. 9. Scheme of the wide-field MM imaging polarimeter. Explanations are given in the 

text (Reprinted [adapted], with permission, from Paper III © 2020 Optical Society of 

America). 

During the measurements, four different SoPs of light were generated sequentially 

by the PSG. For each SoP generated by the PSG, the PSA was adjusted to transmit 

the light of the same four SoPs sequentially. Thus, 16 intensity images were formed 

on the CCD camera. These 16 intensity images were processed using the calibration 

data of the system to obtain a full MM of the sample. The light incidence and 

detection angles were ~ 15° and 0° respectively. The measured samples were 

covered with the RI matching liquid (refractive oil) with the aim of reducing the 

surface roughness of the samples and the artifacts associated with specular 

reflection. The elements of MM were normalized by M11 (unpolarized intensity 

image); the resultant MM elements were therefore dimensionless and varied from 

–1 to 1. The acquired MMs were interpreted using the Lu-Chipman decomposition 

approach.  
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6.2.2 Paraffin-embedded blocks of mouse brain tissue 

A number of 21 FFPE blocks of mouse brain tissue with different stages of AD 

were investigated. All protocols involving the breeding and use of animals were 

approved by the Norwegian Food Safety (Mattilsynet). All study procedures were 

performed in accordance with the European Communities Council Directive of 

September 22, 2010 (2010/63/EU). The brain hemispheres of APP-transgenic mice 

(APPPS-21, APPtg) [105] were enclosed in FFPE blocks (2 hemispheres of the 

same animal per block). The animals were 50, 75, 100, 125, 150, 175, and 200 days 

old; thus, 3 samples per each AD stage were investigated. The severity of                    

β-amyloidosis is correlated with the animals’ age. Figure 10(a,a-1,b,b-1,c,c-1) 

demonstrates the histological images of mouse brain, obtained with the aid of 

IHC techniques [106]–[109] and a conventional optical microscope. Panels (a,a-

1,b,b-1,c,c-1) show histological images of 50-day, 125-day, and 200-day-old mice 

respectively. Figure 10(a-1,b-1,c-1) shows magnified areas within black rectangles 

in Fig. 10(a,b,c). Aβ plaques appear as dark brownish spots throughout the brain 

tissue due to IHC staining [see Fig. 10(b,b-1,c,c-1)]. The increased amount of Aβ 

plaques indicate more severe AD stages. A photograph of a FFPE block is shown 

in Fig. 10(d). The thickness of the FFPE blocks was ~ 4 mm. 
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Fig. 10.  Histological images of mouse brain samples of (a,a-1) a 50-day-old, (b,b-1) a 

125-day-old, and (c,c-1) a 200-day-old mouse with AD. Panels (a-1,b-1,c-1) show 

magnified areas within black rectangles in (a,b,c). (d) A photograph of a FFPE block 

(Reprinted [adapted], with permission, from Paper III © 2020 Optical Society of America). 

6.3 Results and discussion 

6.3.1 Raw data analysis 

The example of MM images of a FFPE brain sample (75-day-old mouse) obtained 

at a 450, 500, and 550 nm central wavelength is shown in Fig. 11(a–c) respectively. 

For all FFPE brain samples measured in the current study, the MMs demonstrated 

a similar structure to that shown in Fig. 11.  
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Fig. 11. 4 × 4 MMs of a FFPE block of a 75-day-old mouse brain specimen obtained at 

(a) 450 nm, (b) 500 nm, (c) 550 nm. Field of view: 12 mm × 14.5 mm (Data from Paper III). 

As one can see in Fig. 11, the resultant MM is diagonal (the non-zero pixels of off-

axis elements correspond to the surrounding details). The sample thus acts as a pure 

depolarizer [(see Eq. (27)] and does not exhibit any notable retardance or 

diattenuation. Hence, only M22, M33, M44 elements contained relevant information 

for further analysis. 

According to the results in Fig. 11, the values of the diagonal elements of MM 

and the contrast between the brain tissue areas and paraffin in M22, M33, M44 images 

decrease with the increase of the wavelength of incident light. The regions of 

interest (ROI) containing the brain tissue were selected from the images for the 

analysis, omitting the zones of pure paraffin [see Fig. 10(d)]. Figure 12(a) shows 

the wavelength dependence of M22, M33, M44 elements values averaged over the 

selected ROI.  

Fig. 12.  (a) Values of M22, M33, M44 elements averaged over the brain tissue area (75 days 

old); (b) Absorbance spectrum of the brain tissue area of the same sample measured 

with a hyperspectral camera (SPECIM, Finland) (Reprinted [adapted], with permission, 

from Paper III © 2020 Optical Society of America). 

The wavelength-dependent decrease in M22, M33, M44 values [see Fig. 12(a)] 

correlates with the absorbance of the FFPE brain tissue [see Fig. 12(b)], which was 
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obtained using a hyperspectral camera (SPECIM, Finland). The absorbance 

spectrum is presented as log(1/R), where R is the reflectance of the brain tissue 

averaged over the selected ROI. The reflectance of the FFPE block was calculated 

as a ratio between the reflection cubes of the tissue block and a reference sample 

(spectralon). The decrease in absorbance with longer wavelengths of incident 

illumination [see Fig. 12(b)] led to an increase in the light penetration depth, which 

resulted in the larger number of scattering events at 500 and 550 nm, and therefore 

the higher depolarization of the incident light at longer wavelengths [45]. A further 

increase in depolarization was also observed at 600–700 nm wavelengths of 

incident illumination. Due to the higher DoP of backscattered light, the results 

obtained at the 450 nm wavelength were therefore chosen for the quantitative 

analysis. 

As Fig. 11(a) and Fig. 12(a) show, the values of M22 and M33 are larger than the 

M44 value (M22 ≈ M33 > M44) at 450 nm; the difference between considered elements 

is ~ 8%. This means that the sample exhibited Rayleigh scattering rather than Mie 

scattering [44], [45], [110]. At longer wavelengths, M22 ≈ M33 ≈ M44. This indicates 

that the light scattering within brain tissue corresponded to the Rayleigh–Mie 

transition regime, and the sample acted as an isotropic depolarizer at longer 

wavelengths [110]. 

6.3.2 Statistical analysis of depolarization distributions 

Based on the findings described in Subchapter 6.3.1, the diagonal elements of MM 

(M22, M33, M44) obtained at a 450 nm central wavelength were identified as the most 

relevant elements for the analysis. These elements characterize the depolarization 

of the incident light by the medium. The spatial distributions of the total 

depolarization parameter [see Eq. (28)] for the brain tissue zones selected as ROIs 

from the full images were analyzed. The selection of brain zones was performed on 

a non-normalized M11 image taken at 450 nm. The black contours shown in M11 

image [see Fig. 13(a)] were copied to the depolarization image [see Fig. 13(b)] and 

images of diagonal elements of MM (not shown). The data inside the black 

contours were used for the analysis. 
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Fig. 13. (a) Total unpolarized intensity image at 450 nm (M11 element) with black line 

contours showing the selected ROI. (b) Map of total depolarization with the black ROI 

contours transferred from (a). Field of view: 6 mm × 12.5 mm (Reprinted [adapted], with 

permission, from Paper III © 2020 Optical Society of America). 

The analysis of distributions of total depolarization and diagonal elements of MM 

was performed using statistical moments of 1st–4th orders. The mean value (Z1), 

standard deviation (Z2), skewness (Z3) and kurtosis (Z4) were calculated for each 

sample as [111] 

𝑍  ∑ ∆ ,  (47) 

𝑍  ∑ ∆ 𝑍 ,   (48) 

𝑍  
 
∑ ∆ 𝑍 ,  (49) 

𝑍  
 
∑ ∆ 𝑍 .  (50) 

Here, N stands for the total number of pixels in each analyzed image, while index j 

is the pixel number. The obtained values of statistical moments were averaged over 

the corresponding age group. Figure 14 shows the dependence of the averaged 

values of the 1st–4th statistical moments of the distributions of total depolarization 

of FFPE brain tissue on the mice’s age. Error bars represent standard deviation.  
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Fig. 14. Statistical moments of 1st–4th orders of the spatial distributions of total 

depolarization of brain tissue with AD measured at 450 nm plotted against age of mice: 

(a) mean, (b) standard deviation, (c) skewness, (d) kurtosis. Red solid curves show 

fitting functions: linear (a, b), exponential (c, d) (Reprinted, with permission, from  

Paper III © 2020 Optical Society of America). 

As Fig. 14(a,b) shows, the 1st and 2nd statistical moments of depolarization do not 

exhibit dependence on the AD progression. However, the 3rd and 4th statistical 

moments show exponential changes with the AD progression [see Fig. 14(c,d)]. 

The 3rd statistical moment characterizes the skewness of the distributions. The 

negative values of Z3 indicate that the analyzed distributions are skewed toward 

lower values. This also means that the mean and median values of the distributions 

are lower than the mode value. The 4th statistical moment characterizes the strength 

of the outliers of the distribution [112]. 

Figure 15 shows the dependence of 1st–4th statistical moments of the M22 

element on the mice’s age. This parameter represents the degree of residual 

polarization of the incident linearly polarized light backscattered by the medium. 

The analysis of M22 distributions yielded similar dependencies of statistical 

moments on the AD stage to total depolarization. The 1st and 2nd statistical moments 

of the spatial distributions of degree of residual linear polarization do not exhibit 

notable changes, whereas the high-order statistical moments change exponentially 

with the AD progression (see Fig. 15). The values of the 3rd statistical moment of 

M22 [see Fig. 15(c)] are positive, the opposite of the 3rd statistical moment of total 
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depolarization distribution [see Fig. 14(c)]. This is due to the relation between M22 

and the total depolarization parameter [see Eq. (28)]. 

 

Fig. 15. Statistical moments of the 1st–4th orders of the spatial distributions of M22 

element of MM of brain tissue with AD measured at 450 nm plotted against age of mice: 

(a) mean, (b) standard deviation, (c) skewness, (d) kurtosis. Red solid curves show 

fitting functions: linear (a, b), exponential (c, d) (Reprinted, with permission, from  

Paper III © 2020 Optical Society of America). 

6.3.3 Discussion 

It has been demonstrated in previous studies that AD-affected brain tissue is 

characterized by the higher scattering coefficient μs and the higher anisotropy of 

scattering factor g than in heathy brain tissue (the latter arises from the increase in 

the size of scattering particles due to Aβ deposits) [102]. In the diffuse measurement 

regime, the reduced scattering coefficient μs' is utilized to describe the combined 

effect of the scattering coefficient and average scattering angle. While the values 

of both μs and g grow with the AD progression, their changes are compensated for 

within μs' [see Eq. (44)]. As a result, the first two statistical moments of spatial 

distributions of total depolarization and depolarization of linearly polarized light 

do not exhibit notable changes with AD progression. The dependencies of the 3rd 

statistical moment on the animals’ age indicate that the skewness of distributions 

of total and linear depolarization toward lower values grows exponentially with the 
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AD progression. The exponential growth of the 4th statistical moment with the AD 

progression signifies that the distributions of total and linear depolarization start 

having more strength in the outliers (i.e. become “heavy-tailed”) with the later AD 

stage. The observed changes in high-order statistical moments result from the 

structural alterations of brain tissue, namely, the accumulation of Aβ deposits, 

which lead to the enlargement of the scattering cross-section in the tissue [102]. 

Consequently, the scattering phase function is changed. In particular, the angular 

dependence of scattering is enhanced [35], [113]. Furthermore, the increased spatial 

heterogeneity of the brain tissue additionally contributes to the irregularity of the 

scattering phase function. The enhanced angular dependence of light scattering 

leads to a prevalence of certain scattering angles and photon trajectories which are 

characterized by the different number of scattering events. As a consequence, the 

emerging photons are depolarized to a different extent, depending on the number 

of scattering events [113]. Thus, the spatial distributions of depolarization degree 

of backscattered light become chaotic and less symmetrical with respect to the 

central peak (i.e. a higher absolute value of skewness). They also exhibit the greater 

extremity of deviations with respect to the mean value (i.e. higher kurtosis).  

6.4 Summary and conclusions 

In this study, Mueller polarimetric imaging was applied to screen bulk mouse brain 

tissue within intact FFPE blocks to demonstrate the possibility of distinguishing 

the different stages of β-amyloidosis of brain tissue. The spectral analysis of the 

acquired MM images of brain tissue, as well as results of hyperspectral imaging in 

the 450–700 nm wavelength range, showed that a wavelength range of around 450 

nm yields the highest contrast of the brain tissue structure. The acquired 

depolarization distributions of mouse brain tissue at 450 nm were processed with 

the aid of statistical analysis. The results revealed exponential dependencies of 

high-order statistical moments of total and linear depolarization on the growing 

accumulation of Aβ plaques. This effect is conditioned by the increase of the 

anisotropy of light scattering due to the increase in the size of the scattering cross-

section in the tissue. The obtained results demonstrate that high-order statistical 

moments of total and linear depolarization obtained with MM polarimetry could be 

used as markers of β-amyloidosis severity.  
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7 Complementary analysis of Mueller matrix 
images of highly scattering and optically 
anisotropic biological tissues 

7.1 Introduction 

This chapter presents the approach for the quantitative digital screening of 

biological tissues, based on a complementary analysis of MM imaging results. Due 

to the differences in morphology of the examined tissues, the considered tissues 

were measured in different configurations. In this study, we applied MM imaging 

systems operating in transmission and backscattering geometries to investigate two 

types of sample: highly scattering bulk FFPE tissue blocks, and histological 

sections of fibrillary tissues with a polycrystalline structure. As has been 

demonstrated in previous studies, the changes in colorectal tissue are optically 

manifested in the contrast of depolarization [48]; the spatial distributions of 

depolarization were therefore investigated. Being the most promising geometry for 

the further applications, the backscattering measurement configuration allows 

measurement of bulk tissue depolarization in the multiple scattering regime. The 

colorectal tissue was therefore screened within FFPE blocks. Due to the known 

optical anisotropy of myocardium tissue resulting from its high structural 

organization, the expected predominant response of polarized light was optical 

retardance and diattenuation. To avoid multiple scattering, which depolarizes light, 

thin sections of cardiac tissue were therefore investigated. 

Due to different measurement configurations, various analysis methodologies 

were applied. The correlation and fractal analysis of depolarization maps of 

colorectal tissue provides information on the distribution of the scattering 

coefficient within the sample, whereas polarization-phase images demonstrate the 

optical anisotropy characteristics of cardiac samples. 

7.2 Mueller matrix imaging and analysis of highly scattering 

biological tissues 

7.2.1 Experimental system and samples 

The multi-wavelength imaging MM polarimeter operating in backscattering 

geometry utilized in the current study and the MM measurement algorithm is 
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described in Chapter 6.2.1. The imaging was performed at 450, 550, and 650 nm 

central wavelengths. The obtained MM were interpreted using the Lu-Chipman 

decomposition approach. 

We investigated two FFPE blocks of normal and cancerous colorectal tissue. 

The absence and presence of malignancy in the samples was confirmed by 

pathologists with the aid of conventional histological analysis of the stained tissue 

sections of the corresponding FFPE blocks.  

7.2.2 Complementary analysis of depolarization distributions 

As neither significant diattenuation nor retardance was found for the FFPE blocks 

of colorectal tissue, the depolarization maps were used for the analysis. The 

analysis was performed in three stages. First, the statistical moments of 1–4 orders 

(Z1–4) of depolarization distributions [Eqs. (47–50)] were calculated. Second, the 

autocorrelation functions of depolarization maps were calculated to assess the 

spatial homogeneity of the depolarization distributions. For the quantitative 

assessment of autocorrelation, the statistical moments of the 2nd (K2) and 4th (K4) 

order were calculated [Eqs. (48) and (50)]. Third, the fractal analysis of 

depolarization maps was performed to assess the scale self-similarity of 

distributions. The fractal analysis was performed using the following algorithm 

[111]: 

1. Calculation of power spectra J(Δ) using a discrete Fourier transform of the 

autocorrelation function. 

2. Determination of the log-log dependence of log J(Δ) – log ν, where ν = l–1 is 

the spatial frequency, and l is the size of the structural element. 

3. Dependencies log J(Δ) – log ν are approximated by the least square fit with 

curves V(η). The straight segments of these curves serve to determine the slope 

angles η and calculate fractal dimensions. If the dependencies V(η = const) 

were linear in the range of 2–3 decades of l sizes, the depolarization maps were 

considered fractal. If there were several constant slope angles of V(η) curves, 

the distributions were considered multi-fractal. If the slope angle η was 

inconstant within the whole range of sizes l, the distributions were considered 

random. 

4. For the quantitative assessment of the logarithmic dependencies  

log J(Δ) – log ν, a second-order statistical moment was calculated [111]. 
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7.2.3 Depolarization maps and complementary analysis of results  

Figure 16 presents the results of the MM imaging of FFPE colorectal tissue blocks 

and the results of the complementary analysis of depolarization distributions 

obtained at (a) 450, (b) 550, and (c) 650 nm central wavelengths of the incident 

illumination. Figure 16 shows the acquired maps of depolarization parameter Δ 

(panels 1,2), the histograms N(Δ) of depolarization distributions (panels 3,4), the 

autocorrelation functions (panels 5,6), and the logarithmic dependencies of the 

power spectra log J(Δ) – log l–1 (panels 7,8) of the depolarization distributions 

related to the FFPE blocks of normal (panels 1,3,5,7) and cancerous (panels 2,4,6,8) 

colorectal tissue. 

Fig. 16.   Results of the MM imaging at 450 (a), 550 (b), 650 (c) nm wavelengths: 

depolarization maps (panels 1, 2), histograms (panels 3, 4), autocorrelation functions 

(panels 5, 6), logarithmic dependencies of the power spectra (panels 7, 8) acquired for 

FFPE blocks of normal tissue (panels 1, 3, 5, 7), and colorectal carcinoma (panels 2, 4, 

6, 8). Explanations are given in the text (Reprinted [adapted] under CC BY 4.0 license 

from Paper V © 2018 Authors). 

It can be observed in Fig. 16 that the obtained spatial distributions of depolarization, 

as well as the statistical, correlation, and fractal parameters of the distributions, 

exhibit spectral dependence. With the increase of the wavelength of incident 

illumination, the values of depolarization increase for both tissue samples. This is 

observed in depolarization maps in Fig. 16 (panels 1,2) and by the shift of peaks of 

corresponding histograms toward higher depolarization values 
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[see Fig. 16 (panels 3,4)]. The enhancement of depolarization with the increase of 

incident light wavelength was also demonstrated by the results presented in 

Section 6.3.1 and in other studies [45]. In addition, with the longer light wavelength, 

the range of depolarization values expands [see Fig. 16 (panels 3,4)].  

The comparison of MM screening results for normal and cancerous colorectal 

tissue shows that the depolarization parameter of cancerous tissue is higher than 

that of normal tissue. Similar dependencies for the FFPE tissue blocks have also 

been demonstrated in other studies [114]. Statistical, correlation, and fractal 

parameters calculated for the acquired depolarization maps are presented in Fig. 17.  

Fig. 17.  Statistical (Zi), correlation (Ki) and fractal (Df) parameters, which characterize 

the distributions of the depolarization parameter of the examined FFPE colorectal tissue 

obtained at 450, 550, 650 nm of probing illumination (Data from Paper V). 

The results presented in Fig. 17 show the differences between the calculated 

parameters for normal and cancerous tissues. According to the severity of the 

differences between the parameter values for cancerous and non-cancerous tissues, 

the obtained parameters were divided into three classes (see asterisk labels in 

Fig. 17): (i) no label: the difference was less than 50%; (ii) *: the difference was            

50–100%; (iii) **: the difference was 100–400%. Thus, the third class of 

parameters (Z1 at 450, 550, 650 nm; Z3 at 650 nm; Z4 at 550 and 650 nm; K4 and Df 

at 650 nm) demonstrated the highest distinction of values for normal and cancerous 

tissues.  

Spectral analysis shows that with the increase of probing light wavelength, the 

spatial uniformity of depolarization distributions grew for both samples due to the 

depolarization enhancement. This is illustrated by the increase of the FWHM and 

the decrease of the peak sharpness of the autocorrelation functions in 

Fig. 16  (panels 5,6) and the matching changes in the corresponding parameters K2 

and K4 in Fig. 17. The logarithmic dependencies log J(Δ) – log l–1 calculated for 

the depolarization distributions exhibit significant differences for normal and 

cancerous tissues [see Fig. 16 (panels 7,8)]. It is demonstrated that the distributions 
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of the depolarization of the normal tissue are fractal in the whole spectral range, 

whereas the distributions of the depolarization of the cancerous tissue are random 

in certain regions. The zones of randomness of depolarization distributions for the 

cancerous tissue correspond to the region of medium sizes (~100–300 µm) 

[see rectangular boxes in Fig. 16 (panel 8)]. The similar loss of fractality associated 

with cancerous changes has been observed in previous studies for the tissues of the 

prostate, cervix, and uterine wall [111]. 

7.3 Mueller matrix imaging and analysis of fibrillary-based 

biological tissues 

7.3.1 Mueller matrix polarimeter in transmission geometry 

The schematic of the imaging MM polarimeter operating in transmission geometry 

is presented in Fig. 18. The SoP of the light beam produced by the laser diode 

(λ = 405 nm) was altered by a stationary QWP, a polarizer, and a movable QWP. 

The collimated and polarized light illuminated the samples. The light transmitted 

through the samples was collected by the 4x objective lens. The SoP of the 

transmitted light was analyzed by a movable QWP and an analyzer, and focused on 

a CCD camera.  

Fig. 18.  Schematic presentation of the Mueller-polarimeter experimental setup: laser 

diode (1), lenses (2), stationary QWP (3), mechanically movable QWPs (5) and (8), 

polarizer (4) and analyzer (9), object of investigation (6), infinity corrected strain-free 

objective with tube lens (7), and CCD camera (10). 

The MMs of the investigated samples were obtained using the following 

procedure [9], [115]: 

1. The elements (3–5) in the illumination arm sequentially formed linear (0°; 45°; 

90°) and right circular (⊗) polarization states. 

2. For each formed SoP, the transmission axis of the analyzer (9) was rotated by 

the angles 0°; 90°; 45°; 135°. 
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3. For each analyzer angle, the spatial distributions of the intensity of linearly 

polarized light U 0;90;45;135
 0;45;90;⊗  were measured by the CCD camera (10); 

4. The QWP (8) was placed in front of the polarizer (9); the fast axis of the QWP 

(8) was rotated by the angles 45°;−45° from the transmission axis of the 

polarizer (9). 

5. The spatial distributions of the intensity of right (⊗) and left (⊕) circularly 

polarized light U ⊗;⊕
 0;45;90;⊗were measured by the CCD camera (10). 

6. The spatial distributions of the Stokes vector components for each SoP were 

calculated as 
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7. The set of spatial distributions of MM elements was calculated as 

𝑀 0.5 𝑆 𝑆 ;
𝑀 0.5 𝑆 𝑆 ;
𝑀 𝑆 𝑀 ;

𝑀 𝑆⊗ 𝑀 ;
𝑀 0.5 𝑆 𝑆 ;
𝑀 0.5 𝑆 𝑆 ;
𝑀 𝑆 𝑀 ;

𝑀 𝑆⊗ 𝑀 ;

𝑀 0.5 𝑆 𝑆 ;
𝑀 0.5 𝑆 𝑆 ;
𝑀 𝑆 𝑀 ;

𝑀 𝑆⊗ 𝑀 ;
𝑀 0.5 𝑆 𝑆 ;
𝑀 0.5 𝑆 𝑆 ;
𝑀 𝑆 𝑀 ;

𝑀 𝑆⊗ 𝑀 .

.  (52) 

7.3.2 Mapping and analysis of optical anisotropy characteristics of 

tissue sections 

Examined samples 

We investigated a set of histological sections of myocardium with necrotic 

conditions. The samples of myocardium were divided into two groups: 

(i) myocardium of patients deceased as a result of ischemic heart disease  

(IHD—group 1 “control”) and (ii) acute coronary insufficiency  

(ACI—group 2 “diagnosed”). 51 samples per each group were investigated. The 

differentiation of necrotic conditions of the myocardium histological sections was 
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performed by the biopsy of surgically removed samples. The thickness of 

histological sections was approximately ~ 30–40 μm.  

Analysis of optical anisotropy characteristics 

The obtained MM images were interpreted using differential decomposition. The 

parameters of the anisotropy of phase Φ (Δn0;90; Δn45;135; Δn;) and amplitude  

Α (Δμ0;90; Δμ45;135; Δμ;)  were calculated from the MM elements [see Eq. (42)] 

using equations [18] 

Φ ≡

⎩
⎪
⎨

⎪
⎧Δ𝑛 , ln

Δ𝑛 ; ln

Δ𝑛⊗;⊕ ln

                                         (53) 

and 

Α ≡

⎩
⎪
⎨

⎪
⎧Δ𝜇 , ln 𝑀 𝑀

Δ𝜇 ; ln 𝑀 𝑀

Δ𝜇⊗;⊕ ln 𝑀 𝑀

.                                   (54) 

The spatial distributions of Φ and Α are further referred to as the polarization phase 

(PP) images of fibrillar networks of a biological tissue. The obtained distributions 

were analyzed by calculating the statistical moments from 1st to 4th order (Zi, i = 

1–4) of PP images for each sample [Eqs. (47–50)]. Within each group, the average 

values of statistical moments (Z̅i) and standard deviation of statistical moments (σi) 

were determined. The cutoff of 3σ (~99% of all possible values of changes of Zi) 

was chosen for the distributions of values of each statistical moment Z̅i within each 

group of samples. Based on this, the number of “false negative” (b) and “false 

positive” (d) conclusions was determined. For every statistical moment, sensitivity 

(Se = a/(a+b)·100%), specificity (Sp = c/(c+d)·100%), and balanced accuracy (Ac 

= (Se+Sp)/2) were calculated [116], [117]. Here, a and b are the number of correct 

and wrong diagnoses within group 1 respectively, and c and d are the same in 

group 2.  
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7.3.3 Polarization-phase images and statistical analysis of results 

Figure 19 presents the spatial distributions of the anisotropy of phase (Δn0;90, Δn;) 

and amplitude (Δμ0;90, Δμ;) of the myocardium samples, and the corresponding 

histograms (N). Asterisk (*) designates group 2. 

Fig. 19. Images
 

of the distributions of the phase and amplitude anisotropy
 

of 

myocardium histological sections of deceased patients from group 1 (Δn0;90, Δn;, Δμ0;90, 

Δμ;) and group 2 (Δn*0;90, Δn*;, Δμ*0;90, Δμ*;), and corresponding histograms (N) 

(Reprinted [adapted] under CC BY 4.0 license from Paper VI © 2019 Authors). 

As can be observed in Fig. 19, the differences between groups 1 and 2 of the 

myocardium samples are more pronounced in the linear phase and amplitude 

anisotropy characteristics (Δn0;90, Δμ0;90) than in the circular ones (Δn;, Δμ;). 

The results in Fig. 19 revealed the lower values of linear birefringence (Δn0;90) and 

dichroism (Δμ0;90) in group 1 (IHD) than in group 2 (ACI), whereas the circular 

birefringence (Δn;) and dichroism (Δμ;) do not exhibit notable differences. 

The differences in the linear phase and amplitude anisotropy characteristics 

between the examined groups of samples are explained by the degenerative and 

dystrophic changes of the myocardium, associated with IHD [118], [119]. Due to 

the disorientation and reduction of the size of myosin fibrils, the linear 
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birefringence and dichroism is therefore lower in the samples from  

group 1 [111], [115].  

Figure 20 shows the calculated average statistical moments Z̅i of anisotropy 

characteristics Δn0;90, Δn;, Δμ0;90, Δμ; of the histological sections of the 

myocardium for two groups.  

Fig. 20.  Results of statistical analysis of PP images of two groups of samples (Data 

from Paper VI).  

The results of statistical analysis in Fig. 20 show statistically significant differences 

between the statistical moments of 1st to 4th orders of all PP images. It is observed 

that the differences in all moments Z̅i characterizing linear anisotropy parameters 

are more prominent than circular anisotropy parameters.  

Table 1 presents the calculated values of the balanced accuracy Ac(Zi) 

parameter for statistical moments of anisotropy characteristics of myocardium.  

Table 1. Balanced accuracy Ac(Zi) calculated for statistical moments of anisotropy 

characteristics of myocardium samples (Reprinted under CC BY 4.0 license from  

Paper VI © 2019 Authors). 

Parameters Zi Δn0;90 Δn⊗;⊕ Δµ0;90 Δµ⊗;⊕ 

Ac(Zi) 

Z1 86% 62% 86% 61% 

Z2 88% 65% 68% 65% 

Z3 91% 78% 89% 72% 

Z4 95% 82% 94% 69% 
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The obtained results demonstrate a high level of accuracy of statistical analysis of 

PP images obtained with MM polarimetric imaging. According to the criteria of 

probative medicine [116], [117], the values of Ac(Z3(Δn0;90, Δµ0;90)) ~ 90% 

correspond to good quality, while Ac(Z3(Δn0;90, Δµ0;90)) > 90%  correspond to high 

quality (see highlighted cells Table 1). 

7.4 Summary and conclusions 

We investigated different samples of biological tissues using MM imaging systems 

operating in backscattering and transmission geometries. We applied multi-

wavelength imaging MM polarimeter operating in backscattering geometry for the 

screening of highly scattering FFPE tissue blocks of normal and cancerous 

colorectal tissue. The acquired spatial distributions of depolarization were analyzed 

using statistical, correlation, and fractal parameters. It was demonstrated that with 

the aid of the combined application of statistical, correlation, and fractal analysis 

of FFPE tissue blocks, it was possible to unambiguously detect the malignant 

transformation of tissue. It was shown that the distributions of depolarization of 

healthy tissue were fractal within the whole range of sizes of structural elements at 

450, 550, and 650 nm wavelengths, whereas the depolarization distributions of 

cancerous tissue lost fractality for medium-size features (few hundreds of microns) 

at the same wavelengths of incident illumination. The calculated statistical, 

correlation, and fractal parameters revealed a difference of up to 400% between the 

normal and cancerous tissue. The greatest differences between the analyzed 

parameters are observed at a wavelength of 650 nm. The obtained results suggest 

that MM polarimetry can be an effective approach for screening optical anisotropy 

variations in tissue-like highly scattering media, with a high potential in clinical 

application for the diagnosis of cancerous tissues. Using FFPE blocks of bulk tissue 

for the preliminary optical analysis by a pathologist may considerably reduce the 

time and cost of diagnostics.  

The efficiency of the applied MM-based polarization imaging technique and 

developed analysis was further tested by the investigation of optically anisotropic 

histological sections of myocardium with different necrotic conditions using MM 

polarimeter operating in transmission geometry. The high-order statistical moments 

of distributions of the linear and circular birefringence, dichroism, and their 

variations were utilized for the quantitative assessment of the myocardium 

histological sections. It was shown that the distributions of the phase and optical 

anisotropy formed by fibrillary networks of myocardium at different necrotic stages 



79 

could be used as the quantitative diagnostic parameters. The differentiation criteria 

between the causes of death due to ACI and IHD were defined using the statistical 

analysis (statistical moments of the 1st–4th order) of PP images of myocardium.  

The introduced approaches have a strong potential to improve the existing 

practices of histological analysis in cost and time efficiency. The described 

techniques could be applied to the differentiation of normal and cancerous tissues 

and causes of degenerative changes in the fibrillary tissues of various human organs.  
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8 Assessment of water content in biological 
tissues with terahertz time-domain 
spectroscopy 

8.1 Methods and materials 

8.1.1 Experimental terahertz spectroscopy system 

For this study, a series of experiments were performed utilizing the THz TD 

spectrometer, operating in transmission and reflection modes. The principal scheme 

of the THz TDS system in reflection mode is presented in Fig. 21.  

Fig. 21.  Schematic presentation of the THz TDS setup (reflection mode): M, mirror; BS, 

beam splitter; DL, optical delay line; C, chopper; GP, Glan prism; F, filter; PM, parabolic 

mirror; S, sample; Si, silicon window (used only in reflection mode); L, lens; WP, 

Wollaston prism; BD, balanced detector; PC, personal computer; ADC, analog-to-digital 

converter; DAC, digital-to-analog converter. Explanations are given in the text (Modified 
from Paper VII). 

In the experimental system, an IR (1,040 nm) beam of 200-fs pulses was divided 

by a beam splitter (BS) into probe and pump beams. The pump beam was directed 

through the delay stage and mechanical chopper, and focused on the InAs crystal. 

THz radiation was generated using the Dember effect in the magnetic field. A set 

of Teflon filters was placed on the exit of the magnet to cut off IR frequencies. 
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Further, the THz beam was collimated with parabolic mirrors, directed through a 

BS, and focused on the sample. The radiation reflected from the sample was 

focused on the CdTe crystal with the linearly polarized probe IR beam with a 

polymethylpentene (TPX) lens. In the absence of the THz field, the IR probe beam 

maintained linear polarization after propagation through the CdTe crystal. In this 

case, after passing the QWP, the probe beam was altered to a circularly polarized 

state. The Wollaston prism divided the probe beam into two orthogonally polarized 

beams. Finally, the balanced detector calculated the difference between two 

currents, which was equal to zero in the absence of a THz field. In the presence of 

a THz field, the CdTe crystal became birefringent and altered the polarization state 

of the probe beam into elliptical polarization. In this case, the balanced detector 

calculated a non-zero difference between two orthogonal polarizations of the probe 

beam. This difference corresponded to the strength of the THz field and was plotted 

on the computer screen versus the delay stage step (time). The described system 

generated THz radiation in a frequency range of 0.1–0.9 THz, with output power 

of up to 30 µW and a dynamic range of not less than 40 dB. 

8.1.2 Sample preparation and measurement configuration 

The experiments for the water content assessment were performed in transmission 

geometry for the screening of tree leaves and in reflection geometry for measuring 

pork meat. The leaves of the Carpinus caroliniana tree were cut along the main 

vein and placed in the THz beam path, ensuring normal light incidence. The 

measured THz signal transmitted through the sample was normalized by the 

reference signal (THz transmission through the air). The samples of pork meat (~3 

mm thick) were measured in the reflection geometry using a silicon window, which 

was tightly attached to the sample surface facing the incident THz beam. The 

waveforms recorded in this geometry contained two signals: a reflection from the 

air/silicon interface and a reflection from the silicon/sample interface. The THz 

signals measured from the sample were normalized by the waveforms acquired 

with the removed sample (with the air being a sample).  

8.1.3 Effective medium theory 

The method for the calculation of water concentration in samples is based on the 

effective medium theory and the Landau-Looyenga-Lifshitz model [120]. 

According to this model, a complex water-containing sample can be considered a 
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mixture of several components, including water. It is possible to calculate the 

volume fractions of each component using the optical properties of the mixture and 

components. The relation between the effective permittivity of a water-containing 

sample and permittivities of its components is described by equation [120], [121] 

𝜀̂ 𝑓 𝑎 𝜀 𝑓 𝑎 𝜀 𝑓 .  (55) 

Here, f is the frequency of THz radiation; εmix is the effective permittivity of the 

sample; εw, εs are permittivities of water and the solid (dry) component of the 

biological sample respectively; aw, as are volume fractions of these components.  

8.1.4 Experimental protocol 

First, following the Landau-Looyenga-Lifshitz model, the optical properties of 

water were retrieved from the measurement of THz radiation reflection using the 

experimental THz TDS system. The obtained data were consistent with the 

previous studies [122].  

Second, the examined sample was dehydrated until it became “completely dry”. 

At each degree of dehydration, the sample was measured with the THz TDS to 

retrieve its optical properties for the calculation of water content.  Additionally, the 

sample was weighed at each stage to calculate the water content gravimetrically for 

the reference. The different stages of dehydration, including the final completely 

dry stage, were achieved using an electric heater (temperature ~80 °C). The final 

dried state of the sample was considered as the solid component of the sample for 

the Landau-Looyenga-Lifshitz model. Figure 22 shows photographs of the samples 

at different dehydration degrees. 

For experiments in the transmission mode, the thickness and roughness of the 

leaves were measured at each degree of dryness. At each stage, the thickness of the 

sample was measured with a micrometer before and after the THz TDS 

measurements. The obtained values were used as constraints for the thickness value 

fitting in the calculations of water concentration (described in Section 8.1.5). The 

value of roughness was varied within a 2–7 μm range.  
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Fig. 22. Photographs of the samples at different dehydration degrees. (a) Leaf of 

Carpinus caroliniana tree: (1) fresh leaf; (2) after 1 min of heating; (3) after 3 mins of 

heating; (4) after 15 mins of heating; (5) after 1 h of heating. (b) Sample of pork meat: 

(1) fresh sample; (2) after 5 mins of heating; (3) after 10 mins of heating; (4) after 25 mins 

of heating; (5) after 2 h of heating (Modified from Paper VII). 

8.1.5 Calculation of water concentration 

Transmission geometry 

In general, the complex transmission coefficient could be described theoretically 

as [85] 

𝑇 𝜔 �̂� �̂� exp 𝜅 𝜅 𝑑 ∙ exp 𝑖 𝑛 1 𝑑 ,  (56) 

where ω is the angular frequency, t̂ASam and t̂SamA are the Fresnel transmission 

coefficients at the air/sample and sample/air interfaces, d is the sample’s thickness, 

κ is the imaginary part of the sample’s complex RI (n̂), and κscatt is the correction to 

the imaginary part of the RI that describes the scattering losses due to the rough 

surface as [85], [123] 

𝜅
с

𝜀̂ 1 , (57) 

where τ is the roughness, and θ is the angle of incidence.  

The transmission coefficient could also be derived experimentally as 



85 

𝑇 𝑓 ,  (58) 

where f is the frequency, and ÊSam and ÊRef are electric fields of the sample and 

reference signals respectively.  

In the calculations, the parameters of the medium [Eq. (55)] and the values of 

thickness and roughness were varied within constraints to satisfy the condition 

𝑇 𝑇 𝛿,  (59) 

where δ is the error. The fitting was performed using the built-in Matlab nonlinear 

solver, which finds the minimum of the constrained nonlinear multivariable 

function using the “interior-point” optimization algorithm.  

Reflection geometry 

In the reflection geometry, the electric field of THz radiation reflected from the 

sample could be described theoretically as: 

𝑅 𝑓
∙ ∙

exp 𝑖 ,  (60) 

where tASi, tSiA, rASi, and r̂SiSam are the Fresnel coefficients which describe 

transmission at the air/silicon interface, transmission at the silicon/air interface, 

reflection at the air/silicon interface, and reflection at the silicon/sample interface 

respectively; dSi the thickness of the silicon substrate; nSi is the RI of silicon. Due 

to negligeable absorption of silicon and air in the used frequency band, their optical 

properties are real. The optical properties of the sample are however complex. The 

complex RI of the sample is described as [124] 

𝑛 . (61) 

The reflection coefficient could also be calculated from the experimental data as 

𝑅 𝑓 .  (62) 

Like the algorithm for the transmission geometry, the parameters of the medium 

and the incidence angle were varied within constraints until the experimentally 

obtained and theoretical values of reflection were equal within an error. The error 

for the difference between the values of transmission and reflection coefficients 

was constrained at 0.01. 
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Calculation of measurement error 

The measurement errors were calculated for the water concentration values 

obtained with THz TDS and gravimetric estimation using equation [125] 

∆𝐶 ∑ ∆𝐴 .  (63) 

Here, ΔC is the absolute error of the THz TDS measurement of the water 

concentration, Ai stands for the parameters that contained errors which influenced 

the final result, and fi is a function that relates parameter Ai with the final result of 

calculations. For the THz TDS measurements, the delay stage step error influenced 

the time, phase, and amplitude of the recorded waveforms and the retrieved optical 

properties. For the gravimetric measurements, the error of scales was used for the 

measurement error calculation. 

8.2 Results and discussion 

The experiments demonstrated that the optical properties of fresh samples were 

closer to water dispersion, whereas with drying, optical properties tended to move 

toward the dispersion of the dry tissue. Figure 23 shows the dispersion of the 

complex refractive index of the tree leaf in 5 different stages of dryness obtained 

with the spectrometer in the transmission mode.  

Fig. 23. Dispersion of the complex RI of the tree leaf at 5 different stages of dryness in 

the transmission mode: the black, red, green, magenta, and cyan lines represent the 

refractive index of the sample at the 1st, 2nd, 3rd, 4th, and 5th stages of dryness 

respectively. The indigo lines show the RI of water obtained experimentally in the same 

frequency range. The solid lines show the real part of the RI; the dashed lines indicate 

the imaginary one (Reprinted [adapted], with permission, from Paper VII © 2018 Optical 

Society of America). 
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Water concentration values calculated gravimetrically and with the THz TDS 

measurements for leaf and pork meat samples are shown in Fig. 24.  

Fig. 24.  Water concentration values by THz TDS and gravimetric methods at 5 stages 

of dryness for (a) tree leaf (transmission mode) and (b) pork meat sample (reflection 

mode). Error bars represent measurement error (Data from Paper VII).  

The values of water concentration acquired by the THz TD spectrometer in the 

transmission geometry [Fig. 24(a)] correlate well with the gravimetric data. Our 

results are consistent with the data in [86], [87]. The mean absolute error of the 

water content measurement by THz TDS in transmission mode is 3%. The values 

of the water concentration obtained by THz TDS in the reflection mode [Fig. 24(b)] 

differ notably from the values obtained with gravimetric measurements. This 

divergence is arguably due to the fact that the gravimetric method allows an 

assessment of the average water concentration in the whole volume of a thick  

(2–4 mm) sample, whereas THz TDS measures the water content in a small spot (3 

mm diameter) of the superficial layer of the tissue (few hundreds of microns). 

Therefore, the values of water concentration obtained by the two methods are 

reasonably different however the trend is preserved. The mean absolute error of the 

measurements in reflection mode is 6%. The THz TDS system can therefore be 

used as a precise sensor of hydration in biological samples. 

8.3 Summary and conclusions 

In the current study, the THz TDS system operating in transmission and reflection 

geometries was applied to non-invasive water content monitoring in biological 

samples. The method of calculating water concentration values in the reflection 

geometry was presented and validated. The calculation of water concentration is 

based on the Landau-Looyenga-Lifshitz model and iterative algorithm, which 
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equates theoretically and experimentally obtained values of the reflection and 

transmission coefficients. The methods were applied to investigate different 

biological samples: Carpinus caroliniana tree leaves and a pork meat sample. The 

obtained results correlate well with gravimetric measurements of water 

concentrations performed simultaneously. The mean error of the data measured 

with the THz TDS technique is below the changes in the water content observed in 

lesions and tumors relative to normal tissues. It was demonstrated that a THz TDS 

system in combination with the proposed calculation method could be used as a 

precise sensor of hydration in biological samples.  
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9 Summary, potential impact and future 
perspectives of research 

In this thesis, imaging and characterization methods based on polarized light and 

THz radiation phenomena were introduced and validated for various biological 

samples.  

Stokes vector polarimetry based on circularly polarized illumination 

complemented by the use of the Poincaré sphere was applied to explore the distinct 

contributions of scattering and birefringence in the phase retardation of polarized 

light propagated in turbid tissue-like scattering media. Additionally, the impact of 

the source-detector separation on the SoP of the light backscattered from the 

medium was studied. The pioneering results thus acquired have shown that while 

the separate polarimetric parameters are insufficient for distinguishing the 

contributions of scattering and birefringence, the resultant Stokes vector trajectory 

mapped on the Poincaré sphere allows the isolated contributions of scattering and 

birefringence in the phase alteration of circularly polarized light to be revealed. 

MM polarimetric imaging was applied to evaluate the progression of AD by 

screening bulk mouse brain tissue within FFPE blocks. For the first time to our 

knowledge, the obtained results demonstrated that high-order statistical moments 

of total and linear depolarization parameters obtained with MM polarimetry system 

exhibit significant changes with the progression of the disease and could potentially 

be used as markers of the growing presence of Aβ plaques. Additionally, a set of 

different samples was investigated with MM polarimetric imaging systems 

operating in backscattering and transmission geometries to validate the 

complementary analysis methods of the obtained polarimetric characteristics of 

biological tissues. The results have shown that with the aid of the combined 

application of statistical, correlation, and fractal analysis of FFPE tissue blocks, it 

is possible to unambiguously detect malignancy in the examined tissue. Moreover, 

the high-order statistical analysis of distributions of linear and circular 

birefringence and dichroism has shown high accuracy in distinguishing necrotic 

conditions in histological sections of optically anisotropic tissues with a 

polycrystalline structure. The obtained results suggest that Mueller polarimetry 

enhanced by complementary statistical analysis is an effective approach for 

screening optical properties’ variations in tissue-like scattering media.  

Finally, the novel approach for monitoring the dehydration of biological 

samples with THz TDS operating in transmission and reflection geometries was 

introduced. The obtained results show good correlation of water concentration 
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values with gravimetric measurements. It is shown that the THz pulsed 

spectroscopy in combination with the proposed calculation algorithm could be used 

as a precise water sensor in biological samples. 

The light-based techniques and methods applied in this thesis thus demonstrate 

sensitivity to the important biophysical parameters of biological tissues. A further 

development of the considered techniques will potentially allow earlier and less 

invasive diagnostics of different diseases to be achieved, with the possibility of 

operating in a partially automatic regime. Additionally, it will increase the 

possibility of tailoring the specified treatment plans for the needs of each patient 

individually. Moreover, the described techniques may facilitate the assessment of 

the margins of surgically removed cancerous tissues [126]. Currently, the problem 

of positive margins (cancerous tissue at the surface of the excised tissue or too close 

to it) causes significant treatment delays, the necessity of repeated surgery and 

biopsy procedures, and other interventions that impact patient care very negatively. 

The implementation in clinical use of the described techniques enhanced by 

machine-learning tools could thus potentially increase the survival rate of patients, 

reduce healthcare costs, and improve patients’ quality of life.  

In the future, the techniques based on polarized light (of visible, IR and/or THz 

range) may be further developed to operate an orbital angular momentum of light 

in addition to (or instead of) the spin angular momentum currently in use in 

conventional polarimetry. The light with orbital angular momentum, also called 

twisted light [127], has a complex structure. In addition to the conventional 

polarization state, the light beam can be radially or azimuthally polarized. The 

interaction of twisted light with biological tissues is very promising for 

investigation, because having a fundamentally new extra degree of freedom may 

significantly increase the sensitivity of optical biopsy techniques, allowing 

unambiguous detection of cancer and other dangerous diseases at the earliest 

stages [128], [129]. The continuation of the research described in the present thesis 

will therefore be devoted to the investigation of the interaction of orbital angular 

momentum of light with biological tissues and spin-orbit interaction.  



91 

List of references  

[1] T. Novikova, I. Meglinski, J. C. Ramella-Roman, and V. V. Tuchin, “Special 
Section Guest Editorial: Polarized Light for Biomedical Applications,” J. Biomed. 
Opt., vol. 21, no. 7, pp. 071001, Jul. 2016, doi: 10.1117/1.JBO.21.7.071001. 

[2] X. C. Zhang and J. Xu, Introduction to THz wave photonics. New York: Springer, 
2010. 

[3] V. V. Tuchin, L. V. Wang, and D. A. Zimnyakov, Optical Polarization in 
Biomedical Applications. Berlin, Heidelberg: Springer, 2006. 

[4] D. H. Goldstein, Polarized Light. Boca Raton: CRC Press, 2017. 
[5] E. Collett and B. Schaefer, Polarized Light: For Scientists and Engineers. 

PolaWave Group, Incorporated, 2012. 
[6] J. J. Gil Pérez and R. Ossikovski, Polarized Light and the Mueller Matrix Approach. 

Boca Raton: CRC Press, 2017. 
[7] R. A. Chipman, “Polarimetry,” in Handbook of Optics Vol. 2, M. Bass, Ed., 

McGraw-Hill, New York, 1994, pp. 22.1–22.37. 
[8] J. J. Gil, “Characteristic properties of Mueller matrices,” J. Opt. Soc. Am. A, vol. 17, 

no. 2, pp. 328–334, Feb. 2000, doi: 10.1364/JOSAA.17.000328. 
[9] A. Vitkin, N. Ghosh, and A. de Martino, “Tissue Polarimetry,” in Photonics: 

Scientific Foundations, Technology and Applications, vol. 4, D. Andrews, Ed., 
Wiley, 2015, pp. 239–321. 

[10] S.-Y. Lu and R. A. Chipman, “Interpretation of Mueller matrices based on polar 
decomposition,” J. Opt. Soc. Am. A, vol. 13, no. 5, pp. 1106–1113, May 1996, doi: 
10.1364/JOSAA.13.001106. 

[11] R. Ossikovski, A. De Martino, and S. Guyot, “Forward and reverse product 
decompositions of depolarizing Mueller matrices,” Opt. Lett., vol. 32, no. 6, pp. 
689–691, Mar. 2007, doi: 10.1364/OL.32.000689. 

[12] N. Ortega-Quijano and J. L. Arce-Diego, “Mueller matrix differential 
decomposition,” Opt. Lett., vol. 36, no. 10, pp. 1942–1944, 2011, doi: 
10.1364/ol.36.001942. 

[13] R. Ossikovski, “Differential matrix formalism for depolarizing anisotropic media,” 
Opt. Lett., vol. 36, no. 12, pp. 2330–2332, 2011, doi: 10.1364/ol.36.002330. 

[14] R. M. A. Azzam, “Propagation of partially polarized light through anisotropic media 
with or without depolarization: A differential 4 × 4 matrix calculus,” J. Opt. Soc. 
Am., vol. 68, no. 12, pp. 1756–1767, Dec. 1978, doi: 10.1364/JOSA.68.001756. 

[15] R. Ossikovski, “Differential and product Mueller matrix decompositions: a formal 
comparison,” Opt. Lett., vol. 37, no. 2, pp. 220–222, Jan. 2012, doi: 
10.1364/OL.37.000220. 

[16] N. Agarwal et al., “Spatial evolution of depolarization in homogeneous turbid media 
within the differential Mueller matrix formalism,” Opt. Lett., vol. 40, no. 23, pp. 
5634–5637, Dec. 2015, doi: 10.1364/OL.40.005634. 

[17] R. Ossikovski and O. Arteaga, “Statistical meaning of the differential Mueller 
matrix of depolarizing homogeneous media,” Opt. Lett., vol. 39, no. 15, pp. 4470–



92 

4473, Aug. 2014, doi: 10.1364/OL.39.004470. 
[18] V. T. Bachinskyi et al., Polarization correlometry of scattering biological tissues 

and fluids. Singapore: Springer, 2020. 
[19] T. Nagatsuma, G. Ducournau, and C. C. Renaud, “Advances in terahertz 

communications accelerated by photonics,” Nat. Photonics, vol. 10, no. 6, pp. 371–
379, Jun. 2016, doi: 10.1038/nphoton.2016.65. 

[20] G. J. Wilmink and J. E. Grundt, “Invited Review Article: Current State of Research 
on Biological Effects of Terahertz Radiation,” J. Infrared, Millimeter, Terahertz 
Waves, vol. 32, no. 10, pp. 1074–1122, Oct. 2011, doi: 10.1007/s10762-011-9794-
5. 

[21] E. Pickwell and V. P. Wallace, “Biomedical applications of terahertz technology,” 
J. Phys. D. Appl. Phys., vol. 39, no. 17, pp. R301–R310, 2006, doi: 10.1088/0022-
3727/39/17/R01. 

[22] A. A. Gowen, C. O’Sullivan, and C. P. O’Donnell, “Terahertz time domain 
spectroscopy and imaging: Emerging techniques for food process monitoring and 
quality control,” Trends Food Sci. Technol., vol. 25, no. 1, pp. 40–46, 2012, doi: 
10.1016/j.tifs.2011.12.006. 

[23] A. Ishimaru, Electromagnetic Wave Propagation, Radiation, and Scattering. 
Hoboken, NJ, USA: John Wiley & Sons, Inc., 2017. 

[24] G. S. Abdoulaev, “Three-dimensional optical tomography with the equation of 
radiative transfer,” J. Electron. Imaging, vol. 12, no. 4, pp. 594–601, Oct. 2003, doi: 
10.1117/1.1587730. 

[25] S. L. Jacques, “Optical properties of biological tissues: a review,” Phys. Med. Biol., 
vol. 58, no. 11, pp. R37–R60, Jul. 2013, doi: 10.1088/0031-9155/58/14/5007. 

[26] V. Tuchin, Tissue Optics: Light Scattering Methods and Instruments for Medical 
Diagnosis, Second Edition. Bellingham: SPIE, 2007. 

[27] V. Dremin et al., “Influence of blood pulsation on diagnostic volume in pulse 
oximetry and photoplethysmography measurements,” Appl. Opt., vol. 58, no. 34, pp. 
9398–9405, Dec. 2019, doi: 10.1364/AO.58.009398. 

[28] G. J. Wilmink and J. E. Grundt, “Invited Review Article: Current State of Research 
on Biological Effects of Terahertz Radiation,” J. Infrared, Millimeter, Terahertz 
Waves, vol. 32, no. 10, pp. 1074–1122, Oct. 2011, doi: 10.1007/s10762-011-9794-
5. 

[29] M. M. Nazarov, A. P. Shkurinov, E. A. Kuleshov, and V. V. Tuchin, “Terahertz 
time-domain spectroscopy of biological tissues,” Quantum Electron., vol. 38, no. 7, 
pp. 647–654, Jul. 2008, doi: 10.1070/QE2008v038n07ABEH013851. 

[30] N. Laman, S. S. Harsha, D. Grischkowsky, and J. S. Melinger, “High-Resolution 
Waveguide THz Spectroscopy of Biological Molecules,” Biophys. J., vol. 94, no. 3, 
pp. 1010–1020, Feb. 2008, doi: 10.1529/biophysj.107.113647. 

[31] V. Tuchin, “Polarized light interaction with tissues,” J. Biomed. Opt., vol. 21, no. 7, 
pp. 071114, 2016, doi: 10.1117/1.jbo.21.7.071114. 

[32] V. Tuchin, “Optical clearing of tissues and blood using the immersion method,” J. 
Phys. D. Appl. Phys., vol. 38, no. 15, pp. 2497–2518, Aug. 2005, doi: 10.1088/0022-



93 

3727/38/15/001. 
[33] L. M. C. Oliveira and V. V. Tuchin, The optical clearing method. Cham: Springer 

International Publishing, 2019. 
[34] A. N. Bashkatov, E. A. Genina, and V. V. Tuchin, “Optical properties of skin, 

subcutaneous, and muscle tissues: A review,” J. Innov. Opt. Health Sci., vol. 4, no. 
1, pp. 9–38, 2011, doi: 10.1142/S1793545811001319. 

[35] C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light by Small 
Particles. John Wiley & Sons, 2008. 

[36] L. Oliveira, M. I. Carvalho, E. Nogueira, and V. V. Tuchin, “Optical clearing 
mechanisms characterization in muscle,” J. Innov. Opt. Health Sci., vol. 9, no. 5, pp. 
1–19, 2016, doi: 10.1142/S1793545816500358. 

[37] A. S. Kolesnikov et al., “In vitro terahertz monitoring of muscle tissue dehydration 
under the action of hyperosmotic agents,” Quantum Electron., vol. 44, no. 7, pp. 
633–640, Jul. 2014, doi: 10.1070/QE2014v044n07ABEH015493. 

[38] A. S. Kolesnikov et al., “THz monitoring of the dehydration of biological tissues 
affected by hyperosmotic agents,” Phys. Wave Phenom., vol. 22, no. 3, pp. 169–176, 
Jul. 2014, doi: 10.3103/S1541308X14030029. 

[39] M. Slaoui and L. Fiette, “Histopathology Procedures: From Tissue Sampling to 
Histopathological Evaluation,” in Drug Safety Evaluation: Methods and Protocols, 
Methods in Molecular Biology, vol. 691, J.-C. Gautier, Ed., Totowa, NJ: Humana 
Press, 2011, pp. 69–82. 

[40] F. Vasefi et al., “Polarization-Sensitive Hyperspectral Imaging in vivo: A 
Multimode Dermoscope for Skin Analysis,” Sci. Rep., vol. 4, no. 1, pp. 4924, May 
2015, doi: 10.1038/srep04924. 

[41] M. C. Pierce, J. Strasswimmer, B. Hyle Park, B. Cense, and J. F. de Boer, 
“Birefringence measurements in human skin using polarization-sensitive optical 
coherence tomography,” J. Biomed. Opt., vol. 9, no. 2, pp. 287–291, 2004, doi: 
10.1117/1.1645797. 

[42] V. Le Floc’h, S. Brasselet, J.-F. Roch, and J. Zyss, “Monitoring of Orientation in 
Molecular Ensembles by Polarization Sensitive Nonlinear Microscopy,” J. Phys. 
Chem. B, vol. 107, no. 45, pp. 12403–12410, Nov. 2003, doi: 10.1021/jp034950t. 

[43] T. Novikova, A. Pierangelo, A. De Martino, A. Benali, and P. Validire, 
“Polarimetric Imaging for Cancer Diagnosis and Staging,” Opt. Photonics News, 
vol. 23, no. 10, pp. 26–33, Oct. 2012, doi: 10.1364/OPN.23.10.000026. 

[44] M.-R. Antonelli et al., “Mueller matrix imaging of human colon tissue for cancer 
diagnostics: how Monte Carlo modeling can help in the interpretation of 
experimental data,” Opt. Express, vol. 18, no. 10, pp. 10200–10208, May 2010, doi: 
10.1364/OE.18.010200. 

[45] A. Pierangelo et al., “Ex-vivo characterization of human colon cancer by Mueller 
polarimetric imaging,” Opt. Express, vol. 19, no. 2, pp. 1582–1593, Jan. 2011, doi: 
10.1364/OE.19.001582. 

[46] A. Pierangelo et al., “Ex vivo photometric and polarimetric multilayer 
characterization of human healthy colon by multispectral Mueller imaging,” J. 



94 

Biomed. Opt., vol. 17, no. 6, pp. 066009, 2012, doi: 10.1117/1.jbo.17.6.066009. 
[47] T. Novikova et al., “The origins of polarimetric image contrast between healthy and 

cancerous human colon tissue,” Appl. Phys. Lett., vol. 102, no. 24, pp. 241103, 2013, 
doi: 10.1063/1.4811414. 

[48] A. Pierangelo et al., “Multispectral Mueller polarimetric imaging detecting residual 
cancer and cancer regression after neoadjuvant treatment for colorectal carcinomas,” 
J. Biomed. Opt., vol. 18, no. 4, pp. 046014, 2013, doi: 10.1117/1.jbo.18.4.046014. 

[49] A. Pierangelo et al., “Polarimetric imaging of uterine cervix: a case study,” Opt. 
Express, vol. 21, no. 12, pp. 14120–14130, 2013, doi: 10.1364/oe.21.014120. 

[50] T. Novikova et al., “Multi-spectral Mueller matrix imaging polarimetry for studies 
of human tissues,” in Biomedical Optics 2016, 2016, pp. TTh3B.2, doi: 
10.1364/TRANSLATIONAL.2016.TTh3B.2. 

[51] I. A. V. S. Alali, K. J. Aitken, A. Schröder, D. J. Bagli, “Optical assessment of tissue 
anisotropy in ex vivo distended rat bladders,” J. Biomed. Opt., vol. 17, no. 8, pp. 
086010, Aug. 2012, doi: 10.1117/1.JBO.17.8.086010. 

[52] S. Alali et al., “Assessment of local structural disorders of the bladder wall in partial 
bladder outlet obstruction using polarized light imaging,” Biomed. Opt. Express, vol. 
5, no. 2, pp. 621–629, Feb. 2014, doi: 10.1364/BOE.5.000621. 

[53] J. Qi and D. S. Elson, “A high definition Mueller polarimetric endoscope for tissue 
characterisation,” Sci. Rep., vol. 6, no. December 2015, pp. 1–11, 2016, doi: 
10.1038/srep25953. 

[54] M. F. Wood et al., “Polarization birefringence measurements for characterizing the 
myocardium, including healthy, infarcted, and stem-cell-regenerated tissues,” J. 
Biomed. Opt., vol. 15, no. 4, pp. 047009, Jul. 2010, doi: 10.1117/1.3469844. 

[55] I. Meglinski, C. Macdonald, A. Doronin, and M. Eccles, “Screening Cancer 
Aggressiveness by Using Circularly Polarized Light,” in Optics in the Life Sciences, 
2013, pp. BM2A.4, doi: 10.1364/BODA.2013.BM2A.4. 

[56] D. Ivanov et al., “Colon cancer detection by using Poincaré sphere and 2D 
polarimetric mapping of ex vivo colon samples,” J. Biophotonics, vol. 13, no. 8, pp. 
e202000082, May 2020, doi: 10.1002/jbio.202000082. 

[57] P. Ghassemi et al., “Out-of-plane Stokes imaging polarimeter for early skin cancer 
diagnosis,” J. Biomed. Opt., vol. 17, no. 7, pp. 0760141, 2012, doi: 
10.1117/1.jbo.17.7.076014. 

[58] B. Kunnen et al., “Application of circularly polarized light for non-invasive 
diagnosis of cancerous tissues and turbid tissue-like scattering media,” J. 
Biophotonics, vol. 8, no. 4, pp. 317–323, 2015, doi: 10.1002/jbio.201400104. 

[59] C. Macdonald and I. Meglinski, “Backscattering of circular polarized light from a 
disperse random medium influenced by optical clearing,” Laser Phys. Lett., vol. 8, 
no. 4, pp. 324–328, 2011, doi: 10.1002/lapl.201010133. 

[60] M. Xu and R. R. Alfano, “Circular polarization memory of light,” Phys. Rev. E, vol. 
72, no. 6, pp. 065601, Dec. 2005, doi: 10.1103/PhysRevE.72.065601. 

[61] F. C. MacKintosh, J. X. Zhu, D. J. Pine, and D. A. Weitz, “Polarization memory of 
multiply scattered light,” Phys. Rev. B, vol. 40, no. 13, pp. 9342–9345, Nov. 1989, 



95 

doi: 10.1103/PhysRevB.40.9342. 
[62] V. Kuzmin and I. Meglinski, “Helicity flip of the backscattered circular polarized 

light,” in Biomedical Applications of Light Scattering IV, Feb. 2010, vol. 7573, pp. 
75730Z, doi: 10.1117/12.841193. 

[63] V. L. Kuz’min and I. V. Meglinski, “Anomalous polarization effects during light 
scattering in random media,” J. Exp. Theor. Phys., vol. 110, no. 5, pp. 742–753, 
May 2010, doi: 10.1134/S1063776110050031. 

[64] D. Bicout, C. Brosseau, A. S. Martinez, and J. M. Schmitt, “Depolarization of 
multiply scattered waves by spherical diffusers: Influence of the size parameter,” 
Phys. Rev. E, vol. 49, no. 2, pp. 1767–1770, Feb. 1994, doi: 
10.1103/PhysRevE.49.1767. 

[65] A. Doronin, C. Macdonald, and I. Meglinski, “Propagation of coherent polarized 
light in turbid highly scattering medium,” J. Biomed. Opt., vol. 19, no. 2, pp. 025005, 
2014, doi: 10.1117/1.jbo.19.2.025005. 

[66] S. Sridhar and A. Da Silva, “Enhanced contrast and depth resolution in polarization 
imaging using elliptically polarized light,” J. Biomed. Opt., vol. 21, no. 7, pp. 
071107, 2016, doi: 10.1117/1.jbo.21.7.071107. 

[67] S. P. Morgan and I. M. Stockford, “Surface-reflection elimination in polarization 
imaging of superficial tissue,” Opt. Lett., vol. 28, no. 2, pp. 114–116, Jan. 2003, doi: 
10.1364/OL.28.000114. 

[68] A. Da Silva, C. Deumié, and I. Vanzetta, “Elliptically polarized light for depth 
resolved optical imaging,” Biomed. Opt., vol. 3, no. 11, pp. 2907–2915, 2012, doi: 
10.1364/boe.3.002907. 

[69] M. Heyden, S. Ebbinghaus, and M. Havenith, “Terahertz Spectroscopy as a Tool to 
Study Hydration Dynamics,” in Encyclopedia of Analytical Chemistry, Chichester, 
UK: John Wiley & Sons, Ltd, 2010. 

[70] S. H. Chung et al., “In vivo water state measurements in breast cancer using 
broadband diffuse optical spectroscopy,” Phys. Med. Biol., vol. 53, no. 23, pp. 
6713–6727, Dec. 2008, doi: 10.1088/0031-9155/53/23/005. 

[71] S. Sy et al., “Terahertz spectroscopy of liver cirrhosis: investigating the origin of 
contrast,” Phys. Med. Biol., vol. 55, no. 24, pp. 7587–7596, Dec. 2010, doi: 
10.1088/0031-9155/55/24/013. 

[72] E. Pickwell, B. E. Cole, A. J. Fitzgerald, M. Pepper, and V. P. Wallace, “In vivo 
study of human skin using pulsed terahertz radiation,” Phys. Med. Biol., vol. 49, no. 
9, pp. 1595–1607, 2004, doi: 10.1088/0031-9155/49/9/001. 

[73] R. M. Woodward et al., “Terahertz pulse imaging in reflection geometry of human 
skin cancer and skin tissue,” Phys. Med. Biol., vol. 47, no. 21, pp. 3853–3863, 2002, 
doi: 10.1088/0031-9155/47/21/325. 

[74] M. H. Arbab et al., “Terahertz reflectometry of burn wounds in a rat model,” Biomed. 
Opt. Express, vol. 2, no. 8, pp. 2339–2347, 2011, doi: 10.1364/boe.2.002339. 

[75] Z. D. Taylor et al., “Reflective terahertz imaging of porcine skin burns,” Opt. Lett., 
vol. 33, no. 11, pp. 1258–1260, 2008, doi: 10.1364/ol.33.001258. 

[76] A. A. Goryachuk et al., “Development of the technique of terahertz pulse 



96 

spectroscopy for diagnostic malignant tumors during gastrointestinal surgeries,” in 
Journal of Physics: Conference Series, 2016, vol. 741, no. 1, pp. 012072, doi: 
10.1088/1742-6596/741/1/012072. 

[77] Y. Bin Ji et al., “Feasibility of terahertz reflectometry for discrimination of human 
early gastric cancers,” Biomed. Opt. Express, vol. 6, no. 4, pp. 1398–1406, 2015, 
doi: 10.1364/boe.6.001398. 

[78] P. C. Ashworth et al., “Terahertz pulsed spectroscopy of freshly excised human 
breast cancer,” Opt. Express, vol. 17, no. 15, pp. 12444–12454, 2009, doi: 
10.1364/oe.17.012444. 

[79] T. Bowman et al., “Pulsed terahertz imaging of breast cancer in freshly excised 
murine tumors,” J. Biomed. Opt., vol. 23, no. 2, pp. 026004, 2018, doi: 
10.1117/1.jbo.23.2.026004. 

[80] M. A. Brun et al., “Terahertz imaging applied to cancer diagnosis,” Phys. Med. Biol., 
vol. 55, no. 16, pp. 4615–4623, 2010, doi: 10.1088/0031-9155/55/16/001. 

[81] O. Cherkasova, M. Nazarov, and A. Shkurinov, “Noninvasive blood glucose 
monitoring in the terahertz frequency range,” Opt. Quantum Electron., vol. 48, no. 
3, pp. 217, 2016, doi: 10.1007/s11082-016-0490-5. 

[82] S. I. Gusev et al., “Study of glucose concentration influence on blood optical 
properties in THz frequency range,” Nanosyst. Physics, Chem. Math., vol. 9, no. 3, 
pp. 389–400, 2018, doi: 10.17586/2220-8054-2018-9-3-389-400. 

[83] S. I. Gusev, M. A. Borovkova, M. A. Strepitov, and M. K. Khodzitsky, “Blood 
optical properties at various glucose level values in THz frequency range,” in 
Progress in Biomedical Optics and Imaging - Proceedings of SPIE, Jul. 2015, vol. 
9537, pp. 95372A, doi: 10.1117/12.2195959. 

[84] K. Kamburoğlu, B. Karagöz, H. Altan, and D. Özen, “An ex vivo comparative study 
of occlusal and proximal caries using terahertz and X-ray imaging,” 
Dentomaxillofacial Radiol., vol. 48, no. 2, pp. 20180250, Feb. 2019, doi: 
10.1259/dmfr.20180250. 

[85] A. I. Hernandez-Serrano, S. C. Corzo-Garcia, E. Garcia-Sanchez, M. Alfaro, and E. 
Castro-Camus, “Quality control of leather by terahertz time-domain spectroscopy,” 
Appl. Opt., vol. 53, no. 33, pp. 7872–7876, Nov. 2014, doi: 10.1364/AO.53.007872. 

[86] R. Gente et al., “Determination of Leaf Water Content from Terahertz Time-
Domain Spectroscopic Data,” J. Infrared, Millimeter, Terahertz Waves, vol. 34, no. 
3–4, pp. 316–323, Apr. 2013, doi: 10.1007/s10762-013-9972-8. 

[87] R. Gente and M. Koch, “Monitoring leaf water content with THz and sub-THz 
waves,” Plant Methods, vol. 11, no. 1, pp. 15, 2015, doi: 10.1186/s13007-015-0057-
7. 

[88] N. Born et al., “Monitoring plant drought stress response using terahertz time-
domain spectroscopy,” Plant Physiol., vol. 164, no. 4, pp. 1571–1577, 2014, doi: 
10.1104/pp.113.233601. 

[89] O. Sieryi, A. P. Popov, V. Kalchenko, A. V. Bykov, and I. Meglinski, “Tissue-
mimicking phantoms for biomedical applications,” in Tissue Optics and Photonics, 
May 2020, pp. 11363, doi: 10.1117/12.2560174. 



97 

[90] M. S. Wróbel et al., “Use of optical skin phantoms for preclinical evaluation of laser 
efficiency for skin lesion therapy,” J. Biomed. Opt., vol. 20, no. 8, pp. 085003, Aug. 
2015, doi: 10.1117/1.JBO.20.8.085003. 

[91] M. S. Wróbel et al., “Measurements of fundamental properties of homogeneous 
tissue phantoms,” J. Biomed. Opt., vol. 20, no. 4, pp. 045004, Apr. 2015, doi: 
10.1117/1.JBO.20.4.045004. 

[92] S. A. Prahl, M. J. C. van Gemert, and A. J. Welch, “Determining the optical 
properties of turbid media by using the adding–doubling method,” Appl. Opt., vol. 
32, no. 4, pp. 559–568, Feb. 1993, doi: 10.1364/AO.32.000559. 

[93] A. Doronin, C. Macdonald, and I. Meglinski, “Propagation of coherent polarized 
light in turbid highly scattering medium,” J. Biomed. Opt., vol. 19, no. 2, pp. 025005, 
Feb. 2014, doi: 10.1117/1.JBO.19.2.025005. 

[94] A. Bykov et al., “Imaging of subchondral bone by optical coherence tomography 
upon optical clearing of articular cartilage,” J. Biophotonics, vol. 9, no. 3, pp. 270–
275, Mar. 2016, doi: 10.1002/jbio.201500130. 

[95] I. V. Meglinskii, A. N. Bashkatov, E. A. Genina, D. Y. Churmakov, and V. V. 
Tuchin, “Study of the possibility of increasing the probing depth by the method of 
reflection confocal microscopy upon immersion clearing of near-surface human 
skin layers,” Quantum Electron., vol. 32, no. 10, pp. 875–882, Oct. 2002, doi: 
10.1070/QE2002v032n10ABEH002309. 

[96] H. Braak and E. Braak, “Alzheimer’s disease: Striatal amyloid deposits and 
neurofibrillary changes,” J. Neuropathol. Exp. Neurol., vol. 49, no. 3, pp. 215–224, 
1990, doi: 10.1097/00005072-199005000-00003. 

[97] C. Reitz and R. Mayeux, “Alzheimer disease: Epidemiology, diagnostic criteria, 
risk factors and biomarkers,” Biochem. Pharmacol., vol. 88, no. 4, pp. 640–651, 
Apr. 2014, doi: 10.1016/j.bcp.2013.12.024. 

[98] W. Jagust et al., “SPECT perfusion imaging in the diagnosis of Alzheimer’s disease: 
a clinical-pathologic study,” Neurology, vol. 56, no. 7, pp. 950–956, 2001, doi: 
10.1212/WNL.56.7.950. 

[99] E. J. Choi et al., “Glucose hypometabolism in hippocampal subdivisions in 
Alzheimer’s disease: A pilot study using high-resolution 18F-FDG PET and 7.0-T 
MRI,” J. Clin. Neurol., vol. 14, no. 2, pp. 158–164, 2018, doi: 
10.3988/jcn.2018.14.2.158. 

[100] A. Lichtenegger et al., “Assessment of pathological features in Alzheimer’s disease 
brain tissue with a large field-of-view visible-light optical coherence microscope,” 
Neurophotonics, vol. 5, no. 03, pp. 035002, Jul. 2018, doi: 
10.1117/1.NPh.5.3.035002. 

[101] B. Baumann et al., “Visualization of neuritic plaques in Alzheimer’s disease by 
polarization-sensitive optical coherence microscopy,” Sci. Rep., vol. 7, no. 1, pp. 
43477, Apr. 2017, doi: 10.1038/srep43477. 

[102] M. Lee et al., “Label-free optical quantification of structural alterations in 
Alzheimer’s disease,” Sci. Rep., vol. 6, no. 1, pp. 31034, Aug. 2016, doi: 
10.1038/srep31034. 



98 

[103] S. Wang et al., “Label-free multiphoton imaging of β-amyloid plaques in 
Alzheimer’s disease mouse models,” Neurophotonics, vol. 6, no. 4, pp. 045008, 
2019, doi: 10.1117/1.NPh.6.4.045008. 

[104] Y. Luo et al., “Label-free brainwide visualization of senile plaque using cryo-micro-
optical sectioning tomography,” Opt. Lett., vol. 42, no. 21, pp. 4247–4250, Nov. 
2017, doi: 10.1364/OL.42.004247. 

[105] M. Ji et al., “Label-free imaging of amyloid plaques in Alzheimer’s disease with 
stimulated Raman scattering microscopy,” Sci. Adv., vol. 4, no. 11, pp. eaat7715, 
Nov. 2018, doi: 10.1126/sciadv.aat7715. 

[106] J. Steffen et al., “Expression of endogenous mouse APP modulates β-amyloid 
deposition in hAPP-transgenic mice,” Acta Neuropathol. Commun., vol. 5, no. 1, 
pp. 49, 2017, doi: 10.1186/s40478-017-0448-2. 

[107] J. Steffen, J. Stenzel, S. Ibrahim, and J. Pahnke, “Short-Term Effects of Microglia-
Specific Mitochondrial Dysfunction on Amyloidosis in Transgenic Models of 
Alzheimer’s Disease,” J. Alzheimer’s Dis., vol. 65, no. 2, pp. 465–474, 2018, doi: 
10.3233/JAD-180395. 

[108] K. Paarmann et al., “French maritime pine bark treatment decelerates plaque 
development and improves spatial memory in Alzheimer’s disease mice,” 
Phytomedicine, vol. 57, no. November 2018, pp. 39–48, 2019, doi: 
10.1016/j.phymed.2018.11.033. 

[109] M. Krohn et al., “Cerebral amyloid-β proteostasis is regulated by the membrane 
transport protein ABCC1 in mice.,” J. Clin. Invest., vol. 121, no. 10, pp. 3924–31, 
Oct. 2011, doi: 10.1172/JCI57867. 

[110] V. Sankaran, J. T. Walsh, and D. J. Maitland, “Comparative study of polarized light 
propagation in biologic tissues,” J. Biomed. Opt., vol. 7, no. 3, pp. 300–307, 2002, 
doi: 10.1117/1.1483318. 

[111] O. V. Angelsky, A. G. Ushenko, Y. A. Ushenko, V. P. Pishak, and A. P. Peresunko, 
“Statistical, correlation and topological approaches in diagnostics of the structure 
and physiological state of birefringent biological tissues,” in Handbook of Photonics 
for Biomedical Science, V. V. Tuchin, Ed., CRC Press, 2010, pp. 319–358. 

[112] P. H. Westfall, “Kurtosis as Peakedness, 1905–2014. R.I.P.,” Am. Stat., vol. 68, no. 
3, pp. 191–195, Jul. 2014, doi: 10.1080/00031305.2014.917055. 

[113] N. G. Khlebtsov, I. L. Maksimova, I. Meglinski, V. V. Tuchin, and L. V. Wang, 
“Introduction to light scattering by biological objects: extinction and scattering of 
light in disperse systems,” in Handbook of Optical Biomedical Diagnostics, vol. 1, 
V. V. Tuchin, Ed., SPIE Press, 2016, pp. 3–128. 

[114] V. V. Dremin et al., “Imaging of early stage breast cancer with circularly polarized 
light,” in Tissue Optics and Photonics, Apr. 2020, no. 11363, pp. 1136304, doi: 
10.1117/12.2554166. 

[115] V. V. Tuchin, Ed., Handbook of coherent-domain optical methods. New York, NY: 
Springer New York, 2013. 

[116] L. D. Cassidy, “Basic Concepts of Statistical Analysis for Surgical Research,” J. 
Surg. Res., vol. 128, no. 2, pp. 199–206, Oct. 2005, doi: 10.1016/j.jss.2005.07.005. 



99 

[117] C. S. Davis, Statistical Methods for the Analysis of Repeated Measurements. New 
York, NY: Springer, 2002. 

[118] V. A. Ushenko, N. D. Pavlyukovich, and L. Trifonyuk, “Spatial-frequency 
azimuthally stable cartography of biological polycrystalline networks,” Int. J. Opt., 
vol. 2013, pp. 1–7, 2013, doi: 10.1155/2013/683174. 

[119] M. Pérez-Cárceles et al., “Diagnostic efficacy of biochemical markers in diagnosis 
post-mortem of ischaemic heart disease,” Forensic Sci. Int., vol. 142, no. 1, pp. 1–
7, May 2004, doi: 10.1016/j.forsciint.2004.02.007. 

[120] H. Looyenga, “Dielectric constants of heterogeneous mixtures,” Physica, vol. 31, 
no. 3, pp. 401–406, Mar. 1965, doi: 10.1016/0031-8914(65)90045-5. 

[121] C. Jördens, M. Scheller, B. Breitenstein, D. Selmar, and M. Koch, “Evaluation of 
leaf water status by means of permittivity at terahertz frequencies,” J. Biol. Phys., 
vol. 35, no. 3, pp. 255–264, Aug. 2009, doi: 10.1007/s10867-009-9161-0. 

[122] C. Rønne et al., “Investigation of the temperature dependence of dielectric 
relaxation in liquid water by THz reflection spectroscopy and molecular dynamics 
simulation,” J. Chem. Phys., vol. 107, no. 14, pp. 5319–5331, Oct. 1997, doi: 
10.1063/1.474242. 

[123] P. Beckmann and A. Spizzichino, The scattering of electromagnetic waves from 
rough surfaces. Artech House; Norwood, Mass., 1987. 

[124] P. U. Jepsen, “Determining parameters of the dielectric function of a substance in 
aqueous solution by self-referenced reflection THz spectroscopy,” U.S. Patent No. 
8,374,800, Feb.12, 2013. 

[125] S. G. Rabinovich, Measurement Errors and Uncertainties. New York, NY: Springer 
New York, 2006. 

[126] A. Tata et al., “Wide-field tissue polarimetry allows efficient localized mass 
spectrometry imaging of biological tissues,” Chem. Sci., vol. 7, no. 3, pp. 2162–
2169, 2016, doi: 10.1039/c5sc03782d. 

[127] J. P. Torres and L. Torner, Twisted Photons. Weinheim, Germany: Wiley-VCH 
Verlag GmbH & Co. KGaA, 2011. 

[128] H. Rubinsztein-Dunlop et al., “Roadmap on structured light,” J. Opt., vol. 19, no. 1, 
pp. 013001, Jan. 2017, doi: 10.1088/2040-8978/19/1/013001. 

[129] Y. Shen et al., “Optical vortices 30 years on: OAM manipulation from topological 
charge to multiple singularities,” Light Sci. Appl., vol. 8, no. 1, pp. 90, Dec. 2019, 
doi: 10.1038/s41377-019-0194-2. 

 
  



100 

 

 



101 

Original publications  

I  Borovkova, M., Bykov, A., Popov, A., & Meglinski, I. (2020). Role of scattering and 
birefringence in phase retardation revealed by locus of Stokes vector on Poincaré sphere. 
Journal of Biomedical Optics, 25(5), 057001. 
https://doi.org/10.1117/1.JBO.25.5.057001 

II  Borovkova, M., Bykov, A., Popov, A., & Meglinski, I. (2019). Influence of scattering 
and birefringence on the phase shift between electric field components of polarized light 
propagated through biological tissues. In A. Amelink & S. K. Nadkarni (Eds.), 
Proceedings of SPIE: Vol. 11075. Novel Biophotonics Techniques and Applications V 
(p. 110750R). SPIE. https://doi.org/10.1117/12.2526394 

III  Borovkova, M., Bykov, A., Popov, A., Pierangelo, A., Novikova, T., Pahnke, J., & 
Meglinski, I. (2020). Evaluating β-amyloidosis progression in Alzheimer’s disease with 
Mueller polarimetry. Biomedical Optics Express, 11(8), 4509–4519. 
https://doi.org/10.1364/BOE.396294 

IV  Borovkova, M., Bykov, A., Popov, A., Pierangelo, A., Novikova, T., Pahnke, J., & 
Meglinski, I. (2020). The use of Stokes-Mueller polarimetry for assessment of amyloid-β 
progression in a mouse model of Alzheimer’s disease. In R. R. Alfano, S. G. Demos, & A. 
B. Seddon (Eds.), Proceedings of SPIE: Vol. 11234. Optical Biopsy XVIII: Toward Real-
Time Spectroscopic Imaging and Diagnosis (p. 112340M). SPIE. 
https://doi.org/10.1117/12.2550795 

V  Borovkova, M., Peyvasteh, M., Dubolazov, O., Ushenko, Y., Ushenko, V., Bykov, A., 
Deby, S., Rehbinder, J., Novikova, T., & Meglinski, I. (2018). Complementary analysis 
of Mueller-matrix images of optically anisotropic highly scattering biological tissues. 
Journal of the European Optical Society-Rapid Publications, 14(1), 20. 
https://doi.org/10.1186/s41476-018-0085-9 

VI  Borovkova, M., Trifonyuk, L., Ushenko, V., Dubolazov, O., Vanchulyak, O., Bodnar 
G., Ushenko, Y., Olar, O., Ushenko, O., Sakhnovskiy, M., Bykov, A., & Meglinski, I. 
(2019). Mueller-matrix-based polarization imaging and quantitative assessment of 
optically anisotropic polycrystalline networks. PLoS ONE, 14(5): e0214494. 
https://doi.org/10.1371/journal.pone.0214494 

VII  Borovkova, M., Khodzitsky, M., Demchenko, P., Cherkasova, O., Popov, A., & 
Meglinski, I. (2018). Terahertz time-domain spectroscopy for non-invasive assessment 
of water content in biological samples. Biomedical Optics Express, 9(5), 2266–2276. 
https://doi.org/10.1364/BOE.9.002266 

Reprinted under CC BY 4.0 license1 (Paper I © 2020 Authors; Paper V © 2018 

Authors; Paper VI © 2019 Authors), and with permission from SPIE (Paper II © 

2019 SPIE-OSA; Paper IV © 2020 SPIE) and Optical Society (Paper III © 2020 

OSA; Paper VII © 2018 OSA). 

 
1 https://creativecommons.org/licenses/by/4.0/ 



102 

Original publications are not included in the electronic version of the dissertation.  
 



A C T A  U N I V E R S I T A T I S  O U L U E N S I S

Book orders:
Virtual book store

http://verkkokauppa.juvenesprint.fi

S E R I E S  C  T E C H N I C A

767. Saavalainen, Paula (2020) Sustainability assessment tool for the design of new
chemical processes

768. Ferdinando, Hany (2020) Classification of ultra-short-term ECG samples : studies
on events containing violence

769. Leinonen, Marko (2020) Over-the-air measurements, tolerances and multiradio
interoperability on 5G mmW radio platform

770. Pakkala, Daniel (2020) On design and architecture of person-centric digital
service provisioning : approach, fundamental concepts, principles and prototypes

771. Mustaniemi, Janne (2020) Computer vision methods for mobile imaging and 3D
reconstruction

772. Khan, Uzair Akbar (2020) Challenges in using natural peatlands for treatment of
mining-influenced water in a cold climate : considerations for arsenic, antimony,
nickel, nitrogen, and sulfate removal

773. Kumar, Tanesh (2020) Secure edge services for future smart environments

774. Laitila, Juhani Markus (2021) Effect of forced weld cooling on high-strength low
alloy steels to interpass temperature

775. Ramesh Babu, Shashank (2021) The onset of martensite and auto-tempering in
low-alloy martensitic steels

776. Kekkonen, Päivi (2021) Several actors, one workplace : development of
collaboration of several actors inside and between the organisations

777. Vuolio, Tero (2021) Model-based identification and analysis of hot metal
desulphurisation

778. Selkälä, Tuula (2021) Cellulose nanomaterials and their hybrid structures in the
removal of aqueous micropollutants

779. Vilmi, Pauliina (2021) Component fabrication by printing methods for optics and
electronics applications

780. Zhang, Kaitao (2021) Interfacial complexation of nanocellulose into functional
filaments and their potential applications

781. Asgharimoghaddam, Hossein (2021) Resource management in large-scale wireless
networks via random matrix methods

782. Kekkonen, Jere (2021) Performance of a 16×256 time-resolved CMOS single-
photon avalanche diode line sensor in Raman spectroscopy applications

C783etukansi.fm  Page 2  Wednesday, March 10, 2021  2:27 PM



UNIVERSITY OF OULU  P .O. Box 8000  F I -90014 UNIVERSITY OF OULU FINLAND

A C T A  U N I V E R S I T A T I S  O U L U E N S I S

University Lecturer Tuomo Glumoff

University Lecturer Santeri Palviainen

Postdoctoral researcher Jani Peräntie

University Lecturer Anne Tuomisto

University Lecturer Veli-Matti Ulvinen

Planning Director Pertti Tikkanen

Professor Jari Juga

Associate Professor (tenure) Anu Soikkeli

University Lecturer Santeri Palviainen

Publications Editor Kirsti Nurkkala

ISBN 978-952-62-2890-7 (Paperback)
ISBN 978-952-62-2891-4 (PDF)
ISSN 0355-3213 (Print)
ISSN 1796-2226 (Online)

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

U N I V E R S I TAT I S  O U L U E N S I SACTA
C

TECHNICA

OULU 2021

C 783

Mariia Borovkova

POLARIZATION AND 
TERAHERTZ IMAGING
FOR FUNCTIONAL 
CHARACTERIZATION OF 
BIOLOGICAL TISSUES

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF INFORMATION TECHNOLOGY AND ELECTRICAL ENGINEERING

C
 783

A
C

TA
M

ariia B
orovkova

C783etukansi.fm  Page 1  Wednesday, March 10, 2021  2:27 PM


	Abstract
	Tiivistelmä
	Acknowledgements
	Abbreviations
	List of original publications
	Contents
	1 Introduction
	1.1 Background
	1.2 Motivation of research and objectives
	1.3 Outline of the thesis

	2 Introduction to polarized light and terahertz radiation
	2.1 Optical radiation
	2.2 Fundamental concepts of polarized light
	2.2.1 Polarization of electromagnetic wave, Jones vector
	2.2.2 Polarization ellipse and special cases of polarized light
	2.2.3 Stokes vector
	2.2.4 Poincaré sphere representation
	2.2.5 Mueller matrix: definitions and decomposition approaches

	2.3 Terahertz radiation: general properties

	3 Interaction of light with biological tissues
	3.1 Optical properties of biological tissues
	3.1.1 Absorption
	3.1.2 Scattering
	3.1.3 Anisotropy

	3.2 Control of tissue properties and tissue processing
	3.2.1 Optical clearing: reduction of scattering and absorption
	3.2.2 Preservation of tissue architecture in vitro


	4 Polarimetric and terahertz sensing and imaging: typical configurations and applications
	4.1 Characterization of biological tissues with polarized light
	4.1.1 Polarization as an add-on
	4.1.2 Optical polarimetry as a standalone modality

	4.2 Terahertz radiation technology for biomedical applications
	4.2.1 Generation and detection of pulsed terahertz radiation
	4.2.2 Biological applications of terahertz radiation


	5 Stokes-vector polarimetry of biological tissues: isolated contributions of birefringence and scattering
	5.1 Experimental system
	5.2 Model experiments
	5.2.1 Tissue phantoms
	5.2.2 Variation of the source-detector separation
	5.2.3 Model experiments on alteration of phase of circularly polarized light due to scattering and birefringence

	5.3 Experiments with chicken skin
	5.3.1 Variation of the source-detector separation
	5.3.2 Variation of scattering and birefringence in chicken skin

	5.4 Summary and conclusions

	6 Evaluating progression of Alzheimer’s disease with Mueller matrix imaging
	6.1 Background: advances in diagnostics of Alzheimer’s disease
	6.2 Methods and materials
	6.2.1 Mueller matrix polarimetry system
	6.2.2 Paraffin-embedded blocks of mouse brain tissue

	6.3 Results and discussion
	6.3.1 Raw data analysis
	6.3.2 Statistical analysis of depolarization distributions
	6.3.3 Discussion

	6.4 Summary and conclusions

	7 Complementary analysis of Mueller matrix images of highly scattering and optically anisotropic biological tissues
	7.1 Introduction
	7.2 Mueller matrix imaging and analysis of highly scattering biological tissues
	7.2.1 Experimental system and samples
	7.2.2 Complementary analysis of depolarization distributions
	7.2.3 Depolarization maps and complementary analysis of results

	7.3 Mueller matrix imaging and analysis of fibrillary-based biological tissues
	7.3.1 Mueller matrix polarimeter in transmission geometry
	7.3.2 Mapping and analysis of optical anisotropy characteristics of tissue sections
	7.3.3 Polarization-phase images and statistical analysis of results

	7.4 Summary and conclusions

	8 Assessment of water content in biological tissues with terahertz time-domain spectroscopy
	8.1 Methods and materials
	8.1.1 Experimental terahertz spectroscopy system
	8.1.2 Sample preparation and measurement configuration
	8.1.3 Effective medium theory
	8.1.4 Experimental protocol
	8.1.5 Calculation of water concentration

	8.2 Results and discussion
	8.3 Summary and conclusions

	9 Summary, potential impact and future perspectives of research
	List of references
	Original publications



