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Abstract 

 
 

In this thesis we present the application of polarized light to characterize porcine liver 

and phantoms with matched bulk optical properties, correlate the depolarization of 

tissues with transport albedo and evaluate the severity of liver injury. We have used 

the Mueller matrix analysis and polar decomposition method for extraction of 

individual polarization properties in this thesis. 

We investigated the polarization properties of thick samples (1 cm) of porcine liver, 

intralipid phantoms and polystyrene micro-spheres phantoms with matched bulk 

optical properties. Significant depolarization differences between porcine liver and 

phantoms are observed. Contrary to previously reported results for transmission 

geometry, our results show the enhanced polarization preservation for porcine liver 

tissues as compared to fabricated phantoms, particularly in the backscattering 

detection geometry. Moreover, the intralipid phantoms, polarization behavior is well-

approximated with liver tissue as compared to the polystyrene sphere phantoms. 

Polarized light imaging was employed to investigate the correlation between light 

depolarization and transport albedo for six different isotropic and anisotropic thick 

tissues in both transmission and backscattering mode. Total, linear and circular 

depolarization rates were observed to be dependent on the measured transport 

albedos, where depolarization increases with transport albedo for all type of tissues 

independent of detection geometries. Higher depolarization rates were observed for 

anisotropic tissues as compared to isotropic ones for comparable transport albedos, 

demonstrating the birefringence-caused depolarization in addition to scattering-caused 

depolarization.  

The ex vivo severity assessment of different liver injuries induced by carbon tetra 

chloride (CCl4) was probed by polarized light in the visible spectral range. Less 

injured liver samples show higher linear retardance as compared to normal liver 

tissue, while worse injuries correspond to almost no retardance. Fibrosis is the likely 

cause at less severe injuries results in higher observed linear retardance whereas more 

serious injuries destroy any kind of organization and hence yield no retardance. 

Furthermore, total- linear- and circular-depolarizations were observed to decrease 

with increased injuries. Most likely causes include change of transport albedo and 

relative refractive index of extracellular matrix.  



ix 

 

 

Table of Contents 

 
 

Dedicated to ................................................................................................................. ii 

Declaration.................................................................................................................. iii 

Certificate ................................................................................................................... iv 

Acknowledgments ........................................................................................................v 

List of Publications ................................................................................................... vii 

Abstract ..................................................................................................................... viii 

Table of Contents ......................................................................................................... ix 

List of Figures ............................................................................................................. xii 

List of Tables ...............................................................................................................xv 

Chapter 1 ......................................................................................................................1 

Introduction ..................................................................................................................1 

1.1 Biomedical applications of polarized light ..............................................................3 

1.2 Thesis aims and objectives.......................................................................................6 

1.3 Thesis outline ...........................................................................................................7 

Chapter 2 ......................................................................................................................9 

Formalism for light polarization ................................................................................9 

2.1 Introduction ..............................................................................................................9 

2.2 Polarization of light................................................................................................10 

2.2.1 Polarization ellipse ...........................................................................................11 

2.2.2 Ellipticity..........................................................................................................12 

2.2.3 Azimuth............................................................................................................13 

2.2.4 Eccentricity ......................................................................................................13 

2.3 Mathematical formalism for representation of polarized light ..............................13 

2.3.1 Stokes vector formalism ..................................................................................14 

2.3.2 Polarized light decomposition theorem ...........................................................15 

2.3.3 Poincare sphere representation ........................................................................15 

2.3.4 Coherency matrix formalism ...........................................................................16 

2.3.5 Spectral decomposition and degree of polarization .........................................18 

2.3.6 Jones vector formalism ....................................................................................18 

2.4 Interaction of polarized light with medium ...........................................................20 



x 

 

2.4.1 Jones calculus...................................................................................................20 

2.4.2 Mueller matrix calculus ...................................................................................22 

2.5 Mueller matrix decomposition ...............................................................................24 

2.5.1 Lu-Chipman decomposition.............................................................................24 

2.5.1.1 Diattenuator................................................................................................24 

2.5.1.2 Polarizance .................................................................................................26 

2.5.1.3 Retarder ......................................................................................................26 

2.5.1.4 Depolarizer .................................................................................................27 

2.5.1.5 Decomposition of nondepolarizing Mueller matrices ................................28 

2.5.1.6 Decomposition of depolarizing Mueller matrices......................................28 

2.5.1.7 Physical polarimetric properties ................................................................31 

2.5.1.7.1 Diattenuation ........................................................................................ 31 

2.5.1.7.2 Retardance............................................................................................ 31 

2.5.1.7.3 Depolarization ...................................................................................... 31 

2.6 Optical activity .......................................................................................................32 

2.7 Polarized light scattering........................................................................................34 

2.7.1 Rayleigh Scattering ..........................................................................................34 

2.7.2 Mie Scattering ..................................................................................................35 

2.7.3 Raleigh-Gans Scattering ..................................................................................36 

2.8 Summary ................................................................................................................37 

Chapter 3 ....................................................................................................................38 

Experimental techniques ...........................................................................................38 

3.1 Introduction ............................................................................................................38 

3.2 Optical properties measurement system ................................................................38 

3.3 Mueller matrix spectro-polarimeter (MMSP) ........................................................40 

3.3.1 Measurement procedure ...................................................................................42 

3.3.2 Accuracy of polarimeter ..................................................................................43 

3.4 Mueller matrix imaging polarimeter ......................................................................48 

3.5 Sample preparation ................................................................................................52 

3.5.1 Sample preparation for first study ....................................................................52 

3.5.2 Sample preparation for second study ...............................................................53 

3.5.3 Sample preparation for third study ..................................................................53 

3.6 Summary ................................................................................................................54 

 



xi 

 

Chapter 4 ....................................................................................................................55 

Polarization properties of biological tissue and optically matched phantoms .....55 

4.1 Introduction ............................................................................................................55 

4.2 Results and discussion ...........................................................................................56 

4.3 Summary ................................................................................................................68 

Chapter 5 ....................................................................................................................70 

Quantitative correlation of light depolarization and transport albedos of 

different biological tissues .........................................................................................70 

5.1 Introduction ............................................................................................................70 

5.2 Results and discussion ...........................................................................................71 

5.3 Summary ................................................................................................................84 

Chapter 6 ....................................................................................................................86 

Ex vivo assessment of hepatic injuries by using polarized light spectroscopy .....86 

6.1 Introduction ............................................................................................................86 

6.2 Results and discussion ...........................................................................................87 

6.3 Summary ................................................................................................................95 

Chapter 7 ....................................................................................................................96 

Conclusions and future perspectives ........................................................................96 

7.1 Polarization properties of liver and optically matched phantoms ..........................96 

7.2 Correlation between light depolarization and transport albedo of tissues .............97 

7.3 Ex vivo assessment of hepatic injury, using polarized light spectroscopy .............98 

7.4 Future perspectives ................................................................................................99 

Appendix ...................................................................................................................101 

References .................................................................................................................108 

 

  



xii 

 

List of Figures 

 
 

Fig. 2.1 Polarization ellipse which shows different elliptical parameters,   is the 

azimuthal angle,   is the ellipticity, a and b are the semi-major and semi-

minor axis respectively. ...................................................................................12 
Fig. 2. 2 Schematic of Poincare sphere ...........................................................................16 

Fig. 2. 3 Schematic representation of input-output polarized light passing through 

deterministic nondepolarizing medium............................................................21 
Fig. 2. 4 Schematic diagram of Mueller matrix polarimetry ..........................................22 
Fig. 2. 5 Decomposition of Mueller matrix into its basic constituent matrices and their 

respective polarimetric properties providing sixteen degrees of freedom .......32 

Fig. 2. 6 Rayleigh scattering angular diagram in for unpolarized incident light, solid 

black line (1+2) represents total intensity of scattered light, the dotted line 

(1) and dotted line (2) represents intensity of parallel and perpendicular 

components of scattered field respectively, while arrows show the direction 

of incident field. ...............................................................................................35 
Fig. 2. 7 Illustration of different scattering regimes when relative refractive index is 

greater than unity (m > 1) ................................................................................37 
 

Fig. 3. 1 Probe based optical measurement system, (a) complete setup and (b) 

geometry of probe indicating input and output fibers ......................................39 
Fig. 3. 2 Schematic of MMSP includes light source (L), polarization state generator 

(PSG), sample (S), polarization state analyzer (PSA), detector (D) and 

control unit (C) .................................................................................................40 

Fig. 3. 3 Photograph of complete Mueller matrix spectro-polarimeter (MMSP) ...........41 

Fig. 3. 4 Illustration of GUI main screen ........................................................................41 

Fig. 3. 5 Demonstration of properly (a)aligned polarimeter, and (b) poorly aligned 

polarimeter .......................................................................................................42 
Fig. 3. 6 Normalized Mueller matrix elements for air measured in spectral range 400-

800 nm with maximum error of 0.7 % .............................................................44 

Fig. 3. 7 Normalized Mueller matrix elements for a linear polarizer measured in 

spectral range 400-800 nm with maximum error of 0.9 %                              45 
Fig. 3. 8 Illustration of (a) total, (b) linear, (c) circular diattenuation and (d) 

orientation of axis of linear polarizer spectrum with maximum error      of 

1.1 % ................................................................................................................46 

Fig. 3. 9 Normalized Mueller matrix elements for quarter waveplate measured in 

spectral range 400-800 nm with maximum error of 0.86 % ............................47 
Fig. 3. 10 Illustration of (a) total, (b) linear, (c) circular retardance and (d) orientation 

of fast axis of quarter waveplate in spectral range 400-800 nm with 

maximum error of 1.1 % ..................................................................................48 
Fig. 3. 11 Schematic of the polarimetric imaging set-up, P1 and P2 are polarizers, 

QWP1 and QWP2 are removable quarter waveplates, L1 and L2 are lenses. 

In transmission mode, the detection arm is collinear with the incident beam. 

In the back-scattering geometry, the analyzer arm is positioned Ɵ=25
o 
off the 

exact retro-reflection direction .........................................................................50 
Fig. 3. 12 Illustration of first column (a) total depolarization, (c) linear retardance and 

(e) orientation are for paper when place inside the cuvette while second 



xiii 

 

column (b) total depolarization, (d) linear retardance and (f) orientation are 

for paper when place outside the cuvette .........................................................51 
 

Fig. 4. 1 Retardance images of porcine liver and the phantoms derived from Mueller 

matrix measurements in the backscattering geometry having 1cm X 1cm 

field of view .....................................................................................................57 
Fig. 4. 2 Total, linear and circular depolarization images of porcine liver and the 

phantom derived from Mueller matrix measurements in the backscattering 

geometry. A 1cm X 1cm field of view for each image is shown. The scale 

bar indicates depolarization percentage values with deep red signifying 

100% depolarization (complete loss of polarized light information) ..............59 
Fig. 4. 3 Representative plots of average total, linear and circular depolarizations. a) 

total depolarization, b) linear depolarization and c) circular depolarization 

along x axis in Fig. 4.2, averaged over the 5-mm ± y central strip . The error 

bar for all the graphs is 1.5%; this is the standard deviation of the pixel 

intensities in each image of Fig. 4.2. The error bar size is equal to the line 

thickness ...........................................................................................................60 

Fig. 4. 4 Percentage values of minimum total (ΔT), linear (ΔL), and circular (ΔC) 

depolarizations for all samples. The error bars indicate uncertainty (standard 

deviations) of each measurement .....................................................................62 

Fig. 4. 5 Images of diagonal Mueller matrix elements for liver and all the phantoms 

used in this study ..............................................................................................67 
Fig. 4. 6 Polarization images for crossed polarizers, for biological tissue (Porcine 

liver) and all the phantoms ...............................................................................68 

Fig. 5. 1 Depolarization maps of porcine liver tissue. The columns indicate the total, 

linear, and circular depolarizations, and the rows indicate the different 

detection geometries and sample thickness. The x and y axes indicate the 

length and width, respectively. The color bar indicates depolarization levels 

as specified on the percent scale, where dark blue signifies regions where 

light remains most polarized and deep red indicates regions where light has 

lost most of its polarization ..............................................................................74 
Fig. 5. 2  Depolarization maps of porcine kidney cortex. Other details about figure are 

same, as mentioned in Fig. 5.1 .........................................................................75 

Fig. 5. 3 Depolarization maps of porcine myocardium muscle. Other details about 

figure are same, as mentioned in Fig. 5.1 ........................................................76 
Fig. 5. 4 Depolarization maps of porcine loin muscle. Other details about figure are 

same, as mentioned in Fig. 5.1 .........................................................................77 
Fig. 5. 5 Depolarization maps of porcine tendon. Other details about figure are same, 

as mentioned in Fig. 5.1 ..............................................................................    78 
Fig. 5. 6 Depolarization maps of porcine brain tissue. Other details about figure are 

same, as mentioned in Fig. 5.1 .........................................................................79 

Fig. 5. 7 (a) Total depolarization in transmission mode for the 2mm samples, (b) Total 

depolarization in backscattering mode for 2mm samples, (c) Total 

depolarization in backscattering mode for 1 cm samples. Brain and tendon 

are not shown in (a) because they exhibit total depolarization greater than 

98.5% in transmission mode, which is in the range of the system noise level

....................................................................................................................... 80 
Fig. 5. 8 Depolarization of tissue samples plotted versus their transport albedo. Liver 

is indicated by L; kidney, myocardium muscle, loin muscle, brain and tendon 

are indicated by K, M, H, B and T respectively.  a), b) and c) show total, 



xiv 

 

linear and circular depolarizations, respectively, in transmission mode for the 

2mm thick samples. d), e) and f) show total, linear and circular  

depolarizations in backscattering mode for the 2mm thick samples. g),h)  and 

i) show total ,linear and circular depolarization for the 1cm thick samples. 

Note that brain and tendon are not shown in a), b) and c), because they 

exhibit extremely high depolarization (greater than 98.5%) ...........................83 

Fig. 6. 1 Mean values of (a) Total diattenuation, (b) linear retardance and (c) circular 

retardance for normal and injured liver samples in the spectral range of 400-

800 nm, with 1.5 % maximum error in linear retardance ................................88 

Fig. 6. 2 Comparison of percentage (a) total depolarization, (b) linear depolarization 

and (c) circular depolarizations for normal and CCl4 infected rat liver tissues 

samples in the spectral range of 400-800 nm...................................................91 

Fig. 6. 3 Comparison of total ( T ), linear ( L ) and circular ( C ) depolarization rates 

extracted via polar decomposition of Mueller matrix, of control and infected 

rat liver tissue at (a) 500 nm  (b) 550 nm  (c) 600 nm   (d)

650 nm   ...................................................................................................91 

Fig. 6. 4 This emphasis linear dependence of total, linear and circular depolarization’s 

over investigated doses of CCl4 at (a) 450 nm  (b) 550 nm  (c)

650 nm   (d) 750 nm  with horizontal axis indicating different 

values of doses of CCl4 ....................................................................................92 

Fig. 6. 5 Microscopic images with magnification of 20, for (a) normal liver sample, 

(b) infected with 0.4 ml/kg of CCl4 and (c) infected with 1.00 ml/kg of CCl4

....................................................................................................................... 93 

  



xv 

 

List of Tables 

 

 

 

Table 2. 1 Representation of special degenerate states of polarized light in different 

formalisms.................................................................................................. 19 

Table 4. 1 Summary of the optical properties of porcine liver and turbid phantoms 

suspensions
a
. .............................................................................................. 56 

Table 4. 2 Percentage (%) minimum values for total (ΔT), linear (ΔL) and circular 

(ΔC) depolarization for biological sample (Porcine liver) and all the 

phantoms .................................................................................................... 58 
Table 4. 3 Microscopic properties of the liver and phantoms, m is the relative 

refractive index of the scatterers compare to the background medium, d is 

the diameter of the particles, x is the size parameter, where λ is the 

wavelength of the laser light in the medium, x(m-1) is the phase shift light 

experiences when passing through the scatterers....................................... 62 

Table 5. 1 Measured optical properties of several porcine tissues at 635 nm ............. 72 

Table 6. 1 Numerical values of normalized diagonal Mueller matrix elements for 

different samples used in this study at four different wavelengths ............ 93 

 

 

 

 

 



1 

 

Chapter 1 

Introduction 

 
 

In 1864, James Clerk Maxwell proposed the wave theory of electromagnetic waves 

and presented the derivations of mathematical equations for dynamics of 

electromagnetic waves in his paper entitled as “A dynamical theory of 

electromagnetic waves” [1]. The electromagnetic waves are transverse in nature and 

can easily be polarized. Polarization of light is the pattern described by the electric 

field vector as a function of time at a fixed point in space. When the electric field 

vector oscillates in a single plane, the light is said to be linearly polarized light; when 

the tip of the electric field vector oscillates in an ellipse, the light is said to be 

elliptically polarized light; and when tip of electric field vector traces circle, it is 

called circularly polarized light. Extensive literature is available on polarized light, 

the production of polarized light, its properties and measurements [2-7].  

Different methods have been proposed for representation of polarized light namely 

polarization ellipse, coherency matrix, Jones vector and Stokes vector representation. 

The polarization ellipse is the mathematical representation of polarized light, which 

can be described completely by four parameters namely semi-major axis, semi-minor 

axis, azimuth and ellipticity. The polarization ellipse is useful in describing different 

degenerate states of polarized light; however it is not physically observable at higher 

frequencies [7]. In 1852, Sir George Gabriel Stokes introduced a new method based 

on physically observable intensity measurements, called Stokes parameters in his 

honor. The Stokes parameters are equally useful in describing both the totally 

polarized light states as well as partially and unpolarized states [8]. The coherency 

matrix formalism was first introduced by Wiener and Wolf in polarization optics to 

describe the second order statistical properties of partially polarized light, which can 

be related to density matrix theory [9, 10]. Polarized light can also be expressed by 

Jones vector which represents amplitude and phase of electric field, however it is only 
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suitable for complete polarization states and cannot be applied for partial or 

unpolarized light [11]. 

The polarization of different states of light and their interaction with a medium 

passing through it can be expressed by either Jones or Mueller matrix calculus [11, 

12]. But there is limitation in the Jones calculus, that it is not applicable to 

depolarizing mediums, where light loses its coherence due to scattering. For such 

scattering mediums or rough surfaces the Stokes-Mueller calculus is suitable. 

Throughout this thesis we have used Stokes-Mueller calculus for characterization of 

our samples. 

Polarization of light is a remarkable phenomenon which has many applications in 

different fields. It has strong impact on our understanding of nature and properties of 

electromagnetic waves [13]. Polarized light elucidate and uncover, chiralilty of 

biological molecules [14] and characteristics of three dimensional chemical bonding 

[15], quantifying the sugar concentrations involved in different industrial process and 

properties of proteins in solutions [16, 17]. Due to non invasive nature of polarized 

light, it can be used in variety of nondestructive evaluation methods [18]. 

Furthermore, polarized light also has many applications in astronomy, metrology, 

radar and biomedical optics [19-23].  

The most prominent polarization properties of biological tissues include 

depolarization, birefringence, diattenuation and optical activity. The most significant 

polarization effect of all tissues is depolarization. Biological tissues are mostly 

heterogeneous in nature, comprised of large domains of spatially varying refractive 

indices resulting in multiple scattering of light which leads to randomization of 

polarization state of light propagating through it and hence depolarization. Many 

biological tissues (heart, muscles, cartilage) also exhibit varying refractive indices 

directionally in addition to spatial variation. In many biological tissues, the structural 

anisotropy resulting from varying refractive indices along the certain directions due to 

fibrous structures (elastin, collagen and muscles) is referred as linear birefringence. 

Chiral molecules (glucose dissolved in blood) present in tissues result in the rotation 

of polarized light known as optical activity or circular birefringence. Asymmetric 

nature of chiral molecules result in different refractive indices for left and right 

handed circular polarization which in turn results in the rotation of linear polarized 

light. In addition to these properties some biological structures also exhibit 

diattenuation property, like some photoreceptors (in eye) offer anisotropy of 
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absorption. In the following section a review of polarized light applications in 

biomedical optics is presented. 

1.1   Biomedical applications of polarized light 

Polarimetry is well established technique for characterization of optically clear media; 

however, turbid media such as biological tissues where scattering is dominant 

phenomenon, offers complications for measurements and analysis of polarization 

properties. Due to multiple scattering and extensive depolarization of light in turbid 

media, polarimetry is adequate to only very thin tissue samples for transmission 

measurements and reflected light from shallow depths can retain some polarization 

information. Despite of these limitations, polarimetry still has been used for large 

number of applications, specifically in the biomedical applications.  

Light polarization is affected by the architecture of biological tissues. Scattering 

properties of tissues are greatly influenced by scatterer’s size, density, shape, relative 

refractive index contrast of different organelles within cells and overall scattering 

coefficient [24-26]. It conveys very rich morphological and functional information of 

biological tissues, which potentially may be used as a noninvasive diagnostic tool. 

Similarly structural anisotropy resulting from directional variation of refractive index 

known as birefringence and rotation of polarized light resulting from chiral molecules 

known as optical activity, can also be quantified by polarized light. A significant 

amount of research has been done on the applications of polarized light in biomedical 

optics. 

Depolarization of light caused by multiple scattering through turbid media (biological 

tissues) is viewed as the main limitation and confounds the employment of polarized 

light for large number of biomedical applications. Therefore different techniques have 

been developed, which exploit the discrimination of highly scattered photons from 

unscattered or weakly scattered photons retaining the polarimetric signature of 

medium [27, 28]. This basic principle has been employed by a number of different 

researchers for biomedical applications. Polarized light gating has been used to 

discriminate between short and long path photons propagating through scattering 

medium [29]. Furthermore temporal gating of polarized light is employed to measure 

ballistic photons in highly scattering medium and it was observed that degree of 

polarization (DOP) is conserved for the photons detected within 100 Pico seconds of 

input light signal [30]. Sankaran et al. have used the DOP to discriminate highly 
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scattered polarized light from weakly or unscattered light through turbid medium by 

spatially resolved measurements [31]. Polarized light scattering spectroscopy is 

employed for quantitative analysis of human epithelial cell nuclei extracted from 

images of different tissue layers [21]. Jacques et al, have discussed the use of 

polarized light gating for superficial skin tissue imaging. Handheld polarization 

camera based on polarization gating has been developed, which helps in guiding the 

surgical excision of different skin cancers including benign, precancerous and 

cancerous tissues [27, 32, 33]. Differential polarization method was used to suppress 

highly scattered photons, which leads to significant enhancement of image resolution 

and quality [34]. Y. Liu et al. have utilized the polarized light gating for depth 

selectivity in bioengineered epithelium connective tissues [35].  

The scattering properties of turbid media (biological tissues) can also be probed by 

the use of polarized light, particularly shape, density and relative refractive index of 

scatterers as well as bulk scattering coefficient. After interaction of light, the resulting 

polarization metrics contain rich morphological and structural information about the 

biological tissues. Mie theory model for single scattering events can be used for the 

extraction of scattering properties of the scatterers [36]. Polarized light scattering-

spectroscopy is employed to probe the cell morphology of human epithelial tissues 

and provide quantitative information associated with precancerous stages [21]. M. 

Barlett et al. have used the polarized light spectroscopy to determine size distribution 

of different scatterers inside the mammalian cells [37], furthermore J. R. Mourant 

have demonstrated the polarized elastic scattering spectroscopy for determination of 

size and concentration of scatterers in turbid media [38]. The scattering coefficient of 

turbid media can also be determined by using polarized light to exploit radially 

resolved measurements [39].  

Several experimental and theoretical studies have been carried out for propagation of 

polarized light in turbid medium such as biological tissues. Biological tissues owe 

extreme structural complexity; therefore for controlled polarization measurements and 

theoretical studies, we often resort simple methods such as tissue phantoms based on 

suspension of intralipid or polystyrene microspheres in water. For example, tissue 

phantoms with known polarimetric behavior and optical properties are very useful in 

the calibration of polarization based measurement systems or in testing different 

methods used for extraction of polarization derived metrics [40, 41]. Based on such 

calibration of measurement systems and tested methods, the arbitrary biological 
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tissues can be well characterized for different polarization behaviors. While these 

simpler formulations can mimic tissues well with respect to intensity-based optical 

metrics (absorption and scattering coefficients, anisotropy of scattering, light fluence, 

diffuse reflectance, etc.), the situation is more complicated when light polarization 

properties are considered. Depolarization mechanisms are different for different 

incident light polarization states, and are sensitively dependent on the details of the 

refractive index variation of the scattering media, even for otherwise comparable 

optical properties (absorption and  scattering coefficients and scattering anisotropy) 

[29, 42-46]. Given the different nature of scattering in tissues and in scattering 

phantom suspensions, it is not surprising that previous studies specifically aimed at 

comparing polarized light propagation in tissues and in matched tissue phantoms have 

reported differences. For example, significant variations in polarized light 

transmission through thin slabs of biological tissues and optical-properties-matched 

tissue phantoms were observed. In general, tissues in thin-sample transmission 

geometry were seen to be more depolarizing than phantoms for both linear and 

circular polarization states, an effect tentatively attributed to dependent scattering 

mechanisms  [31, 47-49]. Moreover, circular depolarization was observed to be higher 

than linear depolarization in different tissues except blood [48, 50]. However, 

systematic polarimetric comparisons of tissues and different types of matched tissue 

phantoms that also investigate the significant influence of measurement geometry 

(e.g., reflection from a thick slab, geometry of significant clinical interest), have not 

been reported. 

Many tissues (heart, cartilage, muscle and skin) exhibit birefringence due to structural 

anisotropy can be probed by using polarized light for assessment of healthiness of 

such biological tissues. Sankaran et al. have investigated the degree of polarization in 

five porcine tissues including birefringent tissues (fat, tendon, blood, myocardium 

muscle, and artery) of different thicknesses (0.1 to 2 mm) in transmission geometry. 

They have shown that the Rayleigh-scattering regime is dominant for all the tissues 

except blood, with the degree of linear polarization exceeding the degree of circular 

polarization [50]. Stokes polarization imaging was used to study ex vivo rat tail 

embedded in turbid gelatin, and have noted different morphologies based on different 

linear depolarization maps in obtained images, which are affected by dichroism and 

birefringence [51]. Wood et al. have demonstrated successfully the polarization 

birefringence imaging and point measurements as a diagnostic tool to characterize 
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myocardial infarction and stem-cell-regenerated treatment. A decrease in 

birefringence was noted in infarction regions of myocardium, and a partial increase 

was observed for stem-cell regenerated treated regions of same myocardium [52]. 

Polarized laser light therapy with low-intensity light for skin repairing was monitored 

by increase of birefringence due higher organization of collagens in skin [53]. The 

underlying inherent cardiac muscle birefringence was exploited to monitor thermal 

injury induced during cardiac treatments for example radiofrequency ablation or 

revascularization of cardiac by trans-myocardial laser treatments [54].  Tissue 

birefringence has been also exploited in polarization sensitive optical coherence 

tomography (PS-OCT), which is useful for depth measurements. Boer et al. have used 

PS-OCT for assessment of thermal injury in porcine skin and tendon [55], similarly 

Cense et al. have investigated the early glaucoma exploiting the birefringence 

measurements of retinal nerve fiber by using PS-OCT [56]. 

1.2   Thesis aims and objectives 

 In the field of optical bio-diagnostics, tissue polarization imaging offers the potential 

of improved contrast by partially rejecting highly scattered from unscattered or 

weakly scattered photons [27, 28]. In addition to imaging, it has been demonstrated 

that several interesting polarimetric properties of turbid media can be useful for tissue 

characterization [27, 33, 41, 52, 57]. For example, polarized light is sensitive to 

morphological tissue micro-architecture, with preliminary demonstrations of early 

cancerous detection [25, 33, 58, 59], and anisotropy assessment of birefringent tissues 

in healthy, infracted and stem-cell-regenerated cardiac models [52, 60]. Polarimetric 

sensitivity to tissue composition has also been explored, primarily in the context of 

potential non-invasive glucose sensing in diabetic patients [61-63].  In turbid medium 

polarized light randomizes due to multiple scattering and hinders the characterization 

of thick tissue samples. Depolarization of light is sensitive to different parameters of 

scatterers and contains rich morphological information about scatterers, and can be 

used as diagnostic tool. Therefore in this thesis we have focused our attention to 

depolarization of light by different biological tissues, tissue phantoms and at the end 

depolarizations are exploited for assessment of different chronic injuries. The major 

aims and objectives of current thesis include 

1) To fabricate different tissue phantoms and to determine whether these 

different turbid media (liver, intralipid phantoms and polystyrene spheres 
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phantoms) with matched bulk optical properties have same or different 

polarization properties. 

2) To investigate the correlation between depolarization of light and transport 

albedos of different biological tissues including isotropic and anisotropic 

tissues. 

3) To investigate the use of polarized light for assessment of different liver 

injuries induced by carbon tetra chloride (CCl4) for ex vivo liver tissue samples 

in 400-800 nm spectral range. 

1.3   Thesis outline 

 This thesis has major focus on the characterization of turbid media by using Mueller 

matrix analysis. We have fabricated different tissue phantoms with matched 

macroscopic optical properties to porcine liver and have imaged in backscattering 

geometry. These samples were analyzed by Mueller matrix decomposition method. 

Similarly six different biological tissues were imaged and a correlation between 

depolarization rates and measured transport albedo of all tissues in different detection 

geometries was established. Then different liver injuries were assessed by using 

polarized light in visible spectrum. 

In chapter 2 we provide a detailed and comprehensive overview of polarized light and 

its interaction with matter. We start with electromagnetic wave equation and discuss 

polarization ellipse providing its salient features. A brief description of polarized light 

and its mathematical formalism including Stokes vector, coherency matrix and Jones 

vector is given. Subsequently, we discuss interaction of polarized light with matter 

and provided Jones and Mueller matrix calculus. A detailed decomposition method 

known as polar decomposition for extraction of individual polarization properties is 

provided afterwards. Then polarized light propagation through scattering medium is 

discussed and mathematical formulation for Mie theory and different scattering 

regimes is provided.  

Chapter 3 is devoted to the experimental techniques and sample preparations. We 

discuss experimental setup used for measurements of optical properties based on the 

diffuse backscattering measurements performed by homemade fiber-optic probe. A 

detailed discussion about Mueller matrix spectro-polarimeter (MMSP), its calibration 

and evaluation of accuracy for air, linear polarizer and quarter waveplate is provided. 

Afterwards, Mueller matrix imaging polarimeter along with the calculation of Mueller 
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matrix from raw images is provided. At the end of chapter, details of different 

samples preparation and phantoms fabrication are discussed. 

In chapter 4 we describe the polarization properties of porcine liver tissue and 

phantoms matched with liver’s bulk optical properties. Particularly, we focused on 

comparing the spatial maps of depolarization rates for thick samples of liver tissue, 

intralipid and polystyrene sphere phantoms in backscattering geometry. In chapter 5 

we have established a quantitative correlation between depolarization of light and 

transport albedo for various porcine tissues including isotropic and anisotropic tissues 

in both forward and backscattering geometries. In chapter 6 we illustrate the use of 

polarized light for assessment of severity of different liver injuries induced by carbon 

tetra chloride (CCl4) in visible spectral range. Chapter 7 provides the conclusions of 

thesis along with the future directions and guidelines.  
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Chapter 2  

Formalism for light polarization 

 
 

2.1   Introduction 

Light is electromagnetic waves having transverse nature and can easily be polarized. 

Polarization of the light is the pattern described by the electric field vector as a 

function of time at a fixed point in space. When the electric field vector oscillates in a 

single plane, the light is said to be linearly polarized light; when the tip of the electric 

field vector oscillates in an ellipse, the light is said to be elliptically polarized light; 

and when tip of electric field vector traces circle, it is called circularly polarized light.  

For representation of polarized light different mathematical formalisms has been 

proposed. In 1852, Sir George Gabriel Stokes introduced a new method based on 

intensity measurements and physically observable, called Stokes parameters in his 

honor. The Stokes parameters are equally useful in describing both the totally 

polarized light states as well as partially and unpolarized states [8]. The coherency 

matrix formalism is akin to Stokes vector, which was first introduced by Wiener and 

Wolf in polarization optics to describe the second order statistical properties of 

partially polarized light, in which partially polarized light can be represented by 2x2 

coherency matrix [9, 10]. Jones vector is another representation of polarized light 

which is only useful in the case of totally polarized light states [11]. 

The interaction of polarized light with homogenous medium can be described by 

Jones calculus, which was established by R. Clark Jones in 1941 in series of his 

papers [11, 64-67]. In Jones calculus the polarization states can be represented by 

complex Jones vectors and the homogeneous medium by Jones matrix, which 

contains all the information about polarimetric properties of the medium. But there is 

limitation in the Jones calculus, that it is not applicable to depolarizing mediums, 

where light loses its coherency due to scattering. For such scattering mediums or 

rough surfaces the Stokes-Mueller calculus is very suitable. Throughout this thesis, 

we have used Stokes-Mueller calculus because of highly scattering nature of samples 

used in our experimentations. 
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All the polarimetric properties are contained in Mueller matrix. In order to decouple 

the individual polarization metrics, different decomposition methods of Mueller 

matrices have been proposed [68-70]. Among these different decomposition 

techniques, Lu-Chipman decomposition method is widely used for tissue polarimetry 

[71, 72]. Lu-Chipman decomposition is the product decomposition in which a Mueller 

matrix is decomposed into the product of three elementary polarization components a 

diattenuator, followed by a retarder, and then followed by a depolarizer [70]. In this 

thesis the polarization properties from measured Mueller matrix are extracted via Lu-

Chipman decomposition method.  

Recently, different studies have been reported on the scattering of polarized light by a 

turbid medium. The interaction of polarized light with scattering inhomogeneous 

medium randomizes the direction and state of polarization. Randomization of 

polarized light depends on a number of factors, like state of incident polarized light 

(linear or circular polarized states); size, shape, relative refractive index and density of 

scatterers. At the end we discuss scattering of light waves by spherical scatterers and 

identify different scattering regimes namely; Rayleigh scattering, Mie scattering and 

Rayleigh-Gans scattering regimes on the basis of size parameter and relative 

refractive index of the scatterers. 

2.2   Polarization of light 

Light is the electromagnetic waves which are transverse in nature, so the property of 

the polarization is inherent to them. Polarization is the property of electromagnetic 

waves that is concerned with the temporal correlation of electric field vector to the 

direction of propagation of light [5]. When the electric vector of light is confined into 

a single plane, the light is said to be linearly polarized. Let us consider that light is 

propagating along the z- axis in a medium, and let         be instantaneous electric 

field vector, where z is the propagated distance and t is time variable, then the 

orthogonal electric field components are given as 

                          (2.1)                                                        

                          (2.2)                                                        

where         and          are the components of electric field vector along x-axis 

and y-axis respectively,     and     are the amplitudes,    and    are phases of 

respective components,        is the wave vector,   is the wavelength, and   is 
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the angular frequency of electromagnetic waves. The wave components of the electric 

field in terms of complex analytical signal [9], can be written as 

             
            (2.3)                                                        

             
            (2.4)                                                        

By suppressing the harmonic dependence i.e. the propagation vector      , Eqs. 

(2.3) and (2.4) can be arranged in the form of column vector      is given as 

 
      

  

  
   

    
     

    
     

   
   

    
     (2.5)                                                       

here         is the phase difference between orthogonal components of electric 

field vectors. If the electric field vectors maintain same phase difference at all the 

points, the spatial dependence of electric field vectors can be ignored, hence Eq. (2.5) 

reduces to 

 
   

   

    
     (2.6)                                                       

where Eq. (2.6) represents the Jones vector, which will be discussed in detail in 

section 4.3.  

2.2.1   Polarization ellipse 

This section deals with the mathematical description that how tip of electric field 

vector behaves for the propagation of electromagnetic wave in a particular direction 

[2-5]. Suppose the electromagnetic wave is propagating along z-axis. The locus of end 

point of the electric field vector traced by the orthogonal components         and 

        at a fixed point can be obtained by eliminating the time factor and 

manipulating Eqs. (2.1) and (2.2), resulting the following equation  

 
 
  

   
 
 

  
  

   
 

 

  
    

      
           (2.7)                                                        

The above equation is the mathematical description, which is recognized as equation 

of ellipse. It shows that at any instant of time the locus of points of electric field 

vector propagates in the form of ellipse, which is also known as “polarization 

ellipse”. The above equation can be reduced to a circle equation representing the 

circularly polarized light. It can also be reduced to the equation of a straight line, thus 

representing the linearly polarized light. It is important to mention here that at optical 

frequencies [73] the polarization ellipse is no longer physically observable. The 
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representation of polarized light in terms of observable quantities will be discussed in 

section 4.1.  

 

Fig. 2.1 Polarization ellipse which shows different elliptical parameters,   is the azimuthal 

angle,   is the ellipticity, a and b are the semi-major and semi-minor axis respectively. 

 

The term      in Eq. (2.7) shows that the polarization ellipse of the electric field is 

generally rotated through an angle   as shown in Fig. 2.1. This figure also shows that 

the ellipse is confined in a rectangle of sides      and     . The orientation of the 

polarization ellipse depends on the sign of phase difference   between orthogonal 

components of electric field vectors. 

In order to characterize the polarization ellipse some geometrical terms are used which are 

described below. 

2.2.2   Ellipticity 

Ellipticity is the measure of circularity to linearity, which means that whether light is 

circularly polarized, linearly polarized or elliptically polarized. Mathematically it is 

define as 

 
      

 

 
 (2.8)                                                        

where the angle                is the angle of ellipticity, which specifies the 

shape and orientation of the polarization ellipse, plus sign shows left hand 

polarization and minus sign indicates the right hand polarization. If ellipticity is zero 

i.e. the semi-minor axis of ellipse is zero the light will be linearly polarized, and when 
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ellipticity is equal to one i.e. semi-major and semi-minor axes will be equal then the 

light will be circularly polarized otherwise it will be elliptically polarized. 

Ellipticity can also be written in terms of Stokes parameters as [80] 

 
  

 

 
      

  
  
  (2.9)                                                        

where               ) are the Stokes parameters which will be discussed in section 

2.3 

2.2.3   Azimuth 

The angle subtended by major-axis with positive x-axis as shown in Fig. 2.1 is called 

the azimuth. Mathematically, it is defined as 

 
  

 

 
      

  
  
  (2.10)                                                        

where          ) is the azimuthal angel. It shows the handedness (left or right) of 

the polarized light. 

2.2.4   Eccentricity 

The polarization ellipse can also be described by its eccentricity, mathematically 

defined as [5] 

         (2.11)                                                        

which is zero for circularly polarized light, increases as the polarization ellipse 

becomes thinner, and is unity for linearly polarized light. 

When the polarization ellipse maintains its orientation, ellipticity and azimuth as the 

electromagnetic wave propagates, it represents the case of completely polarized light. 

And when the polarization ellipse behaves randomly then light will be unpolarized. 

Between these two extreme cases light will be partially polarized [5]. 

2.3   Mathematical formalism for representation of polarized 

light 

In section 3, we have introduced the polarization ellipse as a useful tool for the 

description of polarized light and its various degenerate states. However at higher 

optical frequencies, the polarization ellipse is not physically observable. Also there is 

another limitation that polarization ellipse is useful only in the representation of 

totally polarized light states, while it fails to represent the unpolarized light or 

partially polarized light. In order to overcome these flaws, another representation of 
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polarized light states, called Stokes vector formalism was developed as discussed 

below. 

2.3.1   Stokes vector formalism 

In 1852, Sir George Gabriel Stokes introduced a method based on intensity 

measurements, which is called nowadays Stokes parameters in his honor [8]. The 

Stokes parameters are equally useful in describing the totally polarized light states as 

well as partially and unpolarized states [3, 7]. 

The Stokes parameters are the ensemble average or time average of instantaneous 

Stokes parameters. In order to derive the Stokes parameters, using Eq. (2.7), and 

taking the time average results in 

 
 
       

   
 

 

  
       

   
 

 

  
            

      
            (2.12) 

where               and < > represents the time average taken over the whole 

ensemble. Eq. (2.13), after some simple mathematical steps, takes the form as 

      
       

          
       

                    

                
(2.13) 

By using Eq. (2.14), the Stokes parameters can be written as following 

 

   

  
  
  
  

  

 
 
 
 
 
    

       
  

    
       

  

             

              
 
 
 
 

 (2.14) 

The Stokes parameters are real quantities having the dimensions of intensity as watts 

per steradian. 

In the Stokes vector representation, the first Stokes parameter    represents the total 

intensity of the light, while the parameter    shows the prevalence of linear 

horizontally or vertically polarized light,    shows the prevalence of      or      

linearly polarized light, and    shows the prevalence of right or left circularly 

polarized light [3, 7]. 

In the description of partially polarized light, the degree of polarization (DOP) is an 

important parameter, which is mathematically defined in term of Stokes parameters 

by following equation 

 
    

   
    

    
 

  
          (2.15) 
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where       represents totally polarized light and       represents the 

unpolarized light, while between these two extremes the light will be partially 

polarized. 

2.3.2   Polarized light decomposition theorem 

The Stokes vectors enable to express the incoherent superposition of two waves. Eq. 

(2.12) suggests that partially polarized light can be represented by a superposition of 

unpolarized light and completely polarized light [4, 7]. Consider the Stokes vector S, 

that represents the partially polarized light as 

 

   

  
  
  
  

  (2.16) 

The above equation can be written as the superposition of unpolarized light and 

completely polarized light as 

 

   

  
  
  
  

   

 
 
 
 
       

    
    

 

 
 
  

 
 
 
 

 

 
 
 
 
    

    
    

 

  
  
   

 
 
 
 

 (2.17) 

which can further be written in terms of DOP as 

 

   

  
  
  
  

          

  
 
 
 

      

  
  
  
  

   (2.18) 

 Eq. (2.18) can be written in simpler form as 

                     (2.19) 

where     represents the Stokes vector for unpolarized light and     represents the 

completely polarized light states. Also this decomposition of partially polarized light 

is unique which means partially polarized light can be decomposed always into 

unpolarized light and completely polarized light only. 

2.3.3   Poincare sphere representation 

In 1892, Henri Poincare proposed the graphical representation of polarized light on a 

spherical surface known as Poincare sphere [2-4]. We consider the Cartesian 

coordinates for Poincare sphere are Stokes parameters (S1, S2, S3,). It is equally useful 

for representation of fully or partially polarized states. In polarization space formed 
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by the sphere, each point on or within a sphere having unit radius represents a 

particular polarization  

 

Fig. 2. 2 Schematic of Poincare sphere 

state. The points on the surface of Poincare sphere corresponds to fully polarized light 

while the points inside it represent partially polarized light states. Figure shows a 

Poincare sphere formed by the three normalized Stokes parameters (S1, S2, S3) as 

coordinate axes. In this figure upper and lower poles represent right (RC) and left 

(LC) circular polarized states, whereas upper and lower half hemispheres represents 

right- and left- handed elliptical polarized light states. Points along the equator 

comprise linear polarization states. The points (PL & BL) along S2-axis show +45
0
 

and -45
0
 linear polarized light states, while points (HL & VL) along S1-axis represent 

linear horizontal and vertical polarization states. Finally fully unpolarized light states 

are at the centre of sphere.   

2.3.4   Coherency matrix formalism 

In the previous section 4.1, we have derived the Stokes vector representation of any 

polarization state i.e. completely polarized light, partially or unpolarized light states. 

The coherency matrix formalism is akin to Stokes vector, which was first introduced 

by E. Wolf in polarization optics to describe the second order statistical properties of 
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partially polarized light, in which partially polarized light can be represented by 2x2 

coherency matrix [9]. The coherency matrix is covariance matrix which can be found 

by using the Jones vector   (defined in Eq. (2.6)), given as 

           (2.20) 

where   denotes the tensor product of vectors, < > represents the time average of the 

ensemble,   is for hermitian conjugate and the subscript represents the dimension of 

coherency matrix. The further simplification of Eq. (2.20) leads to 

 
    

      

      
   

     
       

  

     
       

  
  (2.21) 

The Stokes parameters can also be defined as (4), 

 

   

  
  
  
  

  

 
 
 
 
 
     

        
  

     
        

  

     
        

  

       
        

    
 
 
 
 

 (2.22) 

By using Eqs. (2.21) and (2.22), the relationship between the elements of coherency 

matrix and the Stokes parameters can be established as following 

 

   

  
  
  
  

  

 
 
 
 
 
       

       

       

           
 
 
 
 

 (2.23) 

Moreover the coherency matrix elements in term of Stokes parameters are given as 

 
   

 

 
 
           
           

  (2.24) 

And finally a very important relationship can be established between the elements of 

coherency matrix and the Stokes parameters by using the Pauli matrices [5], re-

writing Eq. (2.24) in the form as 
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where    are the Pauli matrices given as 

     
  
  

      
    
   

      
  
  

      
   
     

  (2.26) 

For more simplified representation of coherency matrix, the dimensionless density 

matrix D2 [10] has been defined by normalizing the coherency matrix given as 
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where    represents the trace of the matrix. 

Using Cauchy-Schwarz inequality, an important property can be derived as 

            (2.28) 

In this equation, the equality sign represents that light is completely polarized and the 

inequality sign is for partially polarized light. The trace of the coherency matrix 

represents the average intensity of the polarized light, while its off diagonal elements 

show the correlation between the orthogonal components    and    of the electric 

field vector E.  

2.3.5   Spectral decomposition and degree of polarization 

The coherency matrix is semi positive definite matrix, which has the property that its 

trace and determinant both have positive values. The coherency matrix can be 

decomposed as [5], 

             (2.29) 

where    and       are the eigen values of the coherency matrix and   is the 

idempotent matrix. Eq. (2.29) can be written in terms of degree of polarization (DOP) 

and Stokes parameters as 

 
    

     

 
                 (2.30) 

The above Eq. (2.30) represents the coherency matrix for partially polarized light, it 

can have the two extreme cases i.e. DOP = 0 (light is unpolarized) and DOP = 1 (light 

is completely polarized). For these two extreme cases, Eq. (2.30) can be reduced into 

following equations, 

 
     

 

 
       (2.31) 

and 

            (2.32) 

where      stands for unpolarized light and      denote the completely polarized 

light. By using Eq. (2.30), the DOP in terms of coherency matrix can be written as 

 
        

        

         
 
 

                   (2.33) 

2.3.6   Jones vector formalism 

Jones vector is another representation of polarized light, as described by Eq. (2.6), re-

written as  
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     (2.34) 

The Jones vector is only useful in the representation of totally polarized light states. 

The state of polarization of coherent superposition of totally polarized light can be 

written in the form of summation of corresponding Jones vectors, while the partial 

polarized and unpolarized light cannot be written in the form of Jones vectors. 

In order to summarize the above discussed representations of polarized light, consider 

different degenerate states e.g. linear horizontal, linear vertical, linear  45
0
, left 

circular and right circular polarized light and their corresponding representation in 

above formalism, in normalized form, are provided in the form of a table below. 

Table 2. 1 Representation of special degenerate states of polarized light in different 

formalisms  

 

Polarization 

state 
Symbol S D2 E 

Linear 

horizontal 
    1 1 0 0

T
 

1 0

0 0

 
 
 

 
1

0

 
 
 

 

Linear vertical    1 1 0 0
T

  
0 0

0 1

 
 
 

 
0

1

 
 
 

 

Linear +45
0    1 0 1 0

T
 

1 11

1 12

 
 
 

 
11

12

 
 
 

 

Linear - 45
0
    1 0 1 0

T
  

1 11

1 12

 
 
 

 
11

12

 
 
 

 

Left circular    1 0 0 1
T

  
11

12

i

i

 
 
 

 
11

2 i

 
 
 

 

Right circular    1 0 0 1
T

 
11

12

i

i

 
 
 

 
11

2 i

 
 
 

 

Unpolarized    1 0 0 0
T

 
1 01

0 12

 
 
 

 
No 

representation 

 

In this table, S represents the Stokes vector, D2 is the 2x2 density matrix derived from 

coherency matrix   , and E is the Jones vector. Note that all the representations are 

normalized. 
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2.4   Interaction of polarized light with medium 

In the previous sections, the representation of polarized light is discussed. Now we 

will discuss the interaction of polarized light with a medium. The polarimetric 

properties of the sample depend on the wavelength of the incident polarized light and 

the properties of the medium including intrinsic anisotropies. Mainly the interaction 

of polarized light with medium may be divided into two categories, the Jones calculus 

and the Mueller calculus. The Jones calculus deals with the coherent superposition of 

the waves provided; there exist correlation between amplitude and phase of the waves 

while the Mueller calculus is based on the incoherent superposition of the waves 

where there is no relationship between amplitudes and phases. Jones calculus is based 

upon the Maxwell’s equations, while Mueller calculus expresses the linear 

relationship between the input and output Stokes vector emerging from a medium. 

The use of the two formulations depends upon the applications; there are many 

applications where either of the calculus can be used. However, more generally the 

best choice is to use Jones calculus where amplitude superposition problem is dealt 

while Mueller calculus is best for intensity superposition of the waves. 

On the basis of polarimetric properties, the medium can be divided into two groups, 

the deterministic non-depolarizing medium in which degree of polarization (DOP) of 

output light is preserved, and the nondeterministic depolarizing medium where the 

degree of polarization of output light is changed due to scattering events in the 

medium. For nondepolarizing medium, both the Jones calculus and Mueller calculus 

can be used and also there exists a relationship between them, while for depolarizing 

mediums only the Mueller calculus is useful. A deeper insight of both of these 

formulations is provided below. 

2.4.1   Jones calculus 

In order to find the polarimetric properties of complicated systems in term of 

amplitudes and phases, R. Clark Jones in 1940s, developed a matrix calculus known 

as Jones calculus [11, 64-67]. For the general representation of Jones matrix, consider 

any polarized light state represented by Jones vector ein incident on a deterministic 

non-depolarizing sample J, and also let e0 is the output Jones matrix as shown in Fig. 

2.2. 
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Fig. 2. 3 Schematic representation of input-output polarized light passing through 

deterministic nondepolarizing medium 

 

Consider that medium is linear in behavior means that the linearity of the Maxwell 

equations hold, so we can establish linear relation between incident Jones vector and 

output Jones vector as 

         (2.35) 

where    represents 2x2 Jones matrix, given as 

 
   

      
      

  (2.36) 

the Jones matrix J contains four complex elements. In Jones calculus, characterization 

of the medium is usually based on eight independent polarimetric properties namely 

unpolarized transmittance, linear dichroism and linear retardance along horizontal-

vertical axis and      with respect to the propagation direction of the light, circular 

dichroism and circular retardance and absolute phase [74-76]. In common practice, 

the absolute phase (nonmeasurable) is neglected in Jones calculus, so we are left with 

seven parameters [5]. 

In general due to stochastic nature of electric field both the incident and emerging 

electric field from sample keeps fluctuating. To overcome this problem, it is necessary 

to use coherency matrix representation for partially polarized light instead of Jones 

vectors.  

For this purpose, taking direct product of Eq. (2.33) by its hermitian adjoint, we 

obtain 

       
          

    (2.37) 

where <> represents the time average over ensemble. Eq. (2.36) can be re-written as 

           (2.38) 

where     and     represents 2x2 coherency matrix of emerging and incident 

partially polarized light. 

In case of sequence of polarizing components, placed in numbering as 1, 2, 3……, n 

traversing the beam, the Jones matrix of the whole system will be the reverse products 
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of individual Jones matrices i.e. right to left product of individual Jones matrices for 

each individual component, written as  

                        (2.39) 

where associative rule of matrix multiplication can be applied. 

2.4.2   Mueller matrix calculus  

The optical medium can be characterized alternatively by Mueller matrices, which 

was introduced by Hans Mueller in 1940s [77-79]. It is a 4x4 real matrix which 

contains all the polarimetric properties of the medium. For the general representation 

of Mueller matrix, consider the input polarized light represented by Stokes vector Sin 

incident on a medium M and let output Stokes So is as shown in Fig. 2.3. 

 

 

 

Fig. 2. 4 Schematic diagram of Mueller matrix polarimetry 

 

The Mueller matrix   for a medium is defined as the matrix which transforms an 

incident Stokes vector     into the exiting (reflected, transmitted, or scattered) Stokes 

vector   , mathematically represented as 

         (2.40) 

where   is a 4x4 real valued matrix, given as 

 

   

                  

                  

                  

                  

  (2.41) 

The elements of the Mueller matrix are dimensionless, and the given Mueller matrix 

is always the function of wavelength (λ) of the incident polarized light and the 

propagation vector ( ) of the wave. In general all the elements of the Mueller matrix 

are independent of each other, but the imposition of symmetry conditions on Mueller 

matrix   will reduce the independent parameters. 
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In case of interaction of partially polarized light with the deterministic linear medium, 

the coherency matrix representation is very important to be mentioned. In order to 

establish relationship between coherency matrix and Mueller matrix for fluctuating 

quasimonochromatic partially polarized light, taking direct product of Eq. (2.40) by 

its hermitian adjoint, we obtain 

            (2.42) 

where  

           
           

   (2.43) 

and 

              
             

   (2.44) 

where the     represents 4x4 coherency matrix of exiting Stokes vector from the 

medium and       is input 4x4 coherency matrix [5, 6]. 

In case of sequence of polarizing components, placed in numbering as 1, 2, 3…., n  

traversing the beam, the Mueller matrix of the whole system will be the reverse 

products of individual Mueller matrices i.e. right to left product of individual Mueller 

matrices for each individual component ( in the same way as for Jones Matrix), 

written as 

                        (2.45) 

where the associative rule of matrix multiplication can be applied here. 

In case of nondepolarizing medium, every Jones matrix can be transformed into 

equivalent Mueller matrix, but converse is not necessarily true. A Mueller matrix 

expressed in terms of Jones matrix is often called in literature as Mueller-Jones matrix 

  , which is given in mathematical form as 

            (2.46) 

where   is the Jones matrix and   is 4x4 matrix given as 

 

   

              
          
              
              

  (2.47) 

The elements of the Mueller matrix can also be directly obtained from Jones matrix 

by the following relation 

 
    

 

 
       

     (2.48) 
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where    represents the trace of matrix i.e. sum of diagonal elements of the matrix, 

            and    are the Pauli spin matrices which are given in Eq. (2.24). 

2.5   Mueller matrix decomposition 

The problem of physical interpretation of measured Mueller matrix is of great 

importance. All the polarimetric properties of the material under study are folded in 

the measured Mueller matrix. In order to unfold the polarimetric properties in the 

form of basic simpler components having direct physical meanings from the measured 

Mueller matrix, it should be interpreted by decomposing it algebraically. There are 

two kinds of decompositions available in the literature namely product decomposition 

and sum decomposition of Mueller matrices. In product decomposition, Mueller 

matrix is decomposed in the sequence of elementary polarization components such as 

diattenuation, retardation and depolarization. In sum decomposition, any physical 

Mueller matrix is decomposed as a sum of four nondepolarizing Mueller matrices. We 

have used Lu-Chipman decomposition for extraction of polarization properties 

throughout this thesis, reformulation of which is discussed in detail below.  

2.5.1   Lu-Chipman decomposition 

The Lu-Chipman decomposition based on the decomposition of Mueller matrix into 

the product of three elementary polarization components, a diattenuator, followed by 

a retarder, and then followed by a depolarizer [70]. 

On the basis of polarimetric properties we can divide the medium into two categories, 

one through which the degree of polarization (DOP) is preserved after passing 

through it called as nondepolarizing medium, and second through which the degree of 

polarization (DOP) is not preserved called the depolarizing medium. There are two 

types of non-depolarizing elements, retarder and diattenuator; the retarder changes 

only the phase of the orthogonal components of the electric field while the 

diattenuator changes the amplitude of the components of electric field. We will first 

discuss some basic polarization elements (diattenuator, retarder and depolarizer) on 

the basis of Mueller matrix, and then the decomposition procedure for both 

nondepolarizing and depolarizing mediums afterward.  

2.5.1.1   Diattenuator 

Consider an arbitrary Mueller matrix, denoted by   given below 
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  (2.49) 

The first row of M excluding the first element m00, represents the diattenuation vector 

completely, while first column represents the polarizance. Polarizance is the property 

of sample which converts unpolarized light into a fraction of polarized light. Mueller 

matrix in 2x2 block can be written as 

 
   

         
 

           
    (2.50) 

where      is the diattenuator vector,     represents the polarizance vector, and m is a 3 

x3 sub-matrix of Mueller matrix M. The axis of a diattenuator can be found by Stokes 

vector,                              T
.  

The maximum and minimum transmittances       and        for a diattenuator are 

given below as 

 
    
   

             
     

     
  (2.51) 

and the corresponding Stokes vectors are given as 

 

    
    

  

 
 
 
 
 
 
 
 
 
 
 

 

 
   

    
     

     
 

 
   

    
     

     
 

 
   

    
     

     
  
 
 
 
 
 
 
 
 
 
 

 (2.52) 

where +ve sign is for       and -ve sign for      which are orthogonal to each other 

representing completely polarized light, while in the case of depolarization these 

exiting Stokes vectors may not be orthogonal to each other. 

The diattenuation magnitude is mathematically expressed as 

 
   

          

          
  

 

   

     
     

     
  (2.53) 

and the diattenuator vector is given as 

 
      

  

   

  

  
 

   
 

   

   

   

  (2.54) 
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Generally the Mueller matrix of diattenuator has symmetric form and can be written 

as, 

 
    

           

          

  (2.55) 

where    is 3x3 sub-matrix which can be calculated from the diattenuation      vector 

from Eq. (2.51) as 

                           (2.56) 

where   is the 3x3 identity matrix and    is the unit vector along     . 

2.5.1.2   Polarizance 

The degree of polarization (DOP) of exiting light for unpolarized incident light 

through a medium is called polarizance. The first column of the arbitrary Mueller 

matrix   describes the polarizance given as 

 
  

 

   

    
     

     
  (2.57) 

 
     

  
   
  

  
 

   
 

   

   

   

  (2.58) 

where       , and    are linear horizontal, linear    , and circular polarizances 

respectively.  

2.5.1.3   Retarder  

Retardance is the phase shift between orthogonal components of electric field, when 

the electromagnetic waves pass through a birefringent medium.  

Generally Mueller matrix of a retarder can be written as 

 
    

           

         

   (2.59) 

where     is a 3x1 null vector,  and    is a 3x3 sub-matrix. 

From the retarder Mueller matrix, retardance and fast axis of retarder can be 

determined as 

 
         

      

 
     (2.60) 

and 

 

    
 

      
      

 

     

        (2.61) 
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where       is the Levi-Civita tensor. The elements of    can be determined using the 

following equation 

 

                                                       

 

   

 (2.62) 

The retardance and its fast axis having corresponding Stokes vector        

              
  can be represented by retardance vector     given as 

 

     
  

   

  

  (2.63) 

where       , and    are linear horizontal, linear    , and circular retardances 

respectively.    

2.5.1.4   Depolarizer 

Depolarization is caused by the scattering of light while passing through the medium. 

Generally Mueller matrix for depolarizer having zero diattenuation or retardance, and 

represented as diagonal depolarizer matrix     

 

     

             
             
             
             

  (2.64) 

The principal depolarization factors which describe the depolarization along 

depolarizer principal axes are given as 

                             (2.65) 

where       and    are principal depolarization factors along principal axes, and a, b, 

c are diagonal elements of    given in Eq. (2.64). The average depolarization power 

  of the depolarizer is roughly described as 

 
  

        

 
   

           

 
 (2.66) 

As the depolarizer Mueller matrix has nine degrees of freedom, while the diagonal 

depolarizer matrix     in Eq. (2.64) has six degrees of freedom. It is due to the fact 

that a depolarizer may display the polarizance which is not present in diagonal 

depolarizer matrix. So by incorporating the effect of polarizance, the most general 

depolarizer Mueller matrix, denoted by    , is given by 

 
     

           

          

  (2.67) 
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where    is a 3x3 symmetric matrix,      is a polarizance vector due to depolarization, 

which can be determined as 

 
        

          

     
 (2.68) 

Above, we have provided an overview of diattenuation matrix, polarizance, 

retardance and depolarizer. These constituent matrices will be used in the 

decomposition algorithms of Mueller matrices. The procedure for Lu-Chipman 

decomposition of both nondepolarizing and depolarizing Mueller matrices are 

provided below. 

2.5.1.5   Decomposition of nondepolarizing Mueller matrices  

Let us consider an arbitrary Mueller matrix   for a nondepolarizing medium. It can 

be written as the product of diattenuator followed by a retarder matrix given below 

         (2.69) 

In order to find MD and MR from a given experimentally determined Mueller matrix, 

we proceed as follow 

 Find out the diattenuation vector      using Eq.  (2.54) directly from Mueller 

matrix. 

  Then by using Eqs. (2.54) and (2.56), find out the diattenuator Mueller matrix   

  . 

 Next, check whether the Mueller matrix of the diattenuator is singular or non- 

singular. 

  If the    is non-singular then find out the retarder Mueller matrix     

        
    (2.70) 

  And if the    is singular then there will exist infinitely many solutions for MR, 

we will pick up the solution giving minimum retardance called minimum 

retardance principle. 

2.5.1.6   Decomposition of depolarizing Mueller matrices 

Consider   is an arbitrary Mueller matrix representing a depolarizing medium. In this 

case, Mueller matrix can be written as the product of three constituent matrices as 

           (2.71) 
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For decomposition of Mueller matrices, the following steps are performed to extract 

individual constituent matrices. The diattenuator Mueller matrix    can be 

determined using Eqs. (2.54) & (2.56). 

Check whether the diattenuator Mueller matrix is non-singular or singular. 

Case (1): Non-singular Mueller matrix  

If the diattenuator Mueller matrix is non-singular, then proceed as follows. 

 Define an intermediate Mueller matrix as 

       
   (2.72) 

where      has no diattenuation but contains both retardance and depolarization. 

   can be further decomposed as a retarder followed by a depolarizer as 

 
         

   
           

          

  
           

         

   
                

             

   
           

         
 
  (2.73) 

where    is 3x3 sub-matrix of intermediate matrix   , written as 

             (2.74) 

 In Eq. (2.74),    can be determined as 

                                          
  

                     
                     

(2.75) 

where  =  , note that if the determinant of    is negative, then   will be used 

with negative sign otherwise it will be positive;        and    are the eigen values 

of        .  

 Using Eq. (2.74),    can be found as 

       
     (2.76) 

 Finally by using the Eqs. (2.59) and (2.67), find out    and    . 

Case (2): Singular Mueller matrix 

Consider that diattenuator Mueller matrix is singular i.e.    inverse does not exists, 

in such case    will also be singular. For decomposition of arbitrary Mueller matrix in 

such case following strategy should be adopted 

 Apply singular value decomposition to   , as follows 

         (2.77) 

where V is an unitary matrix, the matrix   is diagonal matrix with nonnegative 

real numbers on the diagonal, and    denotes the conjugate transpose of V, Eq. 

(2.77) can be rewritten  more explicitly as 

http://en.wikipedia.org/wiki/Unitary_matrix
http://en.wikipedia.org/wiki/Diagonal_matrix
http://en.wikipedia.org/wiki/Conjugate_transpose
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    '

1 2 3 1 2 3 1 2 3
ˆ ˆ ˆ ˆ ˆ ˆ( , , )m v v v diag u u u    (2.78) 

where îv  and ˆ
iu  for         represents columns of V and U respectively. 

 From Eq. (2.78) we can write as 

 
1 1 1 2 2 2 3 3 3
ˆ ˆ ˆ ˆ ˆ ˆ( )T T Tm v v v v v v        (2.79) 

and  

 
1 1 2 2 3 3
ˆ ˆ ˆ ˆ ˆ ˆ( )T T T

Rm v u v u v u     (2.80) 

 For singular Mueller matrices    cannot be uniquely determined, so we choose 

   such that it leads to minimum retardance. The determination of    is more 

elaborated as  

If     is singular, then we consider three cases 

1. Consider the case in which all the Eigen values of     are zero. In such case 

simply choose 

 
    

           

          
            (2.81) 

2. Now consider        and          , then    can be expressed as 

 '

1 1
ˆ ˆ ˆˆ( )T T

Rm vu vv m    (2.82) 

So that 

 ' '

1
' '

( )
ˆˆ

[ ( ) ]

T
T

T

m m
m vv

tr m m
    (2.83) 

In this case minimum retardance and its fast axis are given as 

 ' '
1

' '

( )
cos

[ ( ) ]

T

T

m m
R

tr m m


 
 
 
 

 (2.84) 

3. Finally consider the case in which       and other eigen values are non-zero, 

then 

                  
                 

  
         (2.85) 

Also we can write as 

 
1 2 1 2

1 1 2 2

1 2 1 2

ˆ ˆ ˆ ˆ( )
ˆ ˆ ˆ ˆ

ˆ ˆ ˆ ˆ

T
T T

R

v v u u
m v u v u

v v u u

 
   

 
 (2.86) 
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2.5.1.7   Physical polarimetric properties       

After the decomposition of an experimentally obtained Mueller matrix into its basic 

constituents, we are now in the position to discuss the physical polarimetric properties 

of the sample as [80], 

2.5.1.7.1   Diattenuation 

The diattenuator Mueller matrix has four degrees of freedom, meaning we can find 

out four polarimetric properties given as 

 Unpolarized transmittance is directly obtained from the first element of the 

Mueller matrix. 

 The diattenuation magnitude D can be determined by using Eq. (2.53). 

 The diattenuation ellipticity is determined as 

 
    

 

 
       

   
   

  (2.87) 

 Diattenuation azimuth is determined as 

 
          

   
   

  (2.88) 

2.5.1.7.2   Retardance 

The retarder Mueller matrix has three degrees of freedom which means it leads to 

three polarimetric properties which can be determined as 

 Retardance of the medium can be found using Eq. (2.60). 

 Retardance ellipticity can be find as 

 
    

 

 
       

   
   

  (2.89) 

 Retardance azimuth is determined as 

 
          

   
   

    (2.90) 

2.5.1.7.3   Depolarization 

As we know when polarized light passes through scattering medium, it losses 

coherency which results in depolarization. The depolarizer Mueller matrix contains 

nine degrees of freedom, in which six degrees of freedom belong to the depolarization 

described by its three orthogonal axes                          associated to their eigen 

values              . The remaining three degrees of freedom of depolarizer Mueller 

matrix are polarizance   , the ellipticity    and azimuth    of polarizance vector. 
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The procedure of the Lu-Chipman decomposition of Mueller matrix, discussed above, 

is summarized in Fig. 2.4.  

 

 

Fig. 2. 5 Decomposition of Mueller matrix into its basic constituent matrices and their 

respective polarimetric properties providing sixteen degrees of freedom 

 

2.6   Optical activity 

When polarized light passes through some chiral medium, the plane of polarization is 

rotated through certain angle which is known as optical activity. In turbid media like 

tissues the orientation of the plane not only arises from circular retardance but also it 

is due to linear diattenuation and linear retardance. Optical activity due to circular 

retardance can be decoupled from linear retardance [72], which is discussed as below  

 Calculate retardance Mueller matrix    by polar decomposition. 

 The retarder Mueller matrix can be written as the product of linear retardance 

matrix and optical rotation matrix given as  

M

MΔMRMD

ll

T RD



33 

 

 

2 2

2 2

1 0 0 0

0 cos 2 sin 2 cos sin 2 cos 2 (1 cos ) sin 2 sin

0 sin 2 cos 2 (1 cos ) sin 2 cos 2 cos cos 2 sin

0 sin 2 sin cos 2 sin cos

1 0 0 0

0 cos 2 sin 2 0

0 sin 2 cos 2 0

0 0 0 1

RM
       

       

    

 

 

 
 

  
 
  
 

 

 
 
 
 
 
 

 (2.91) 

 

where   represents linear retardance,   is circular retardance and   is the 

orientation of the fast axis. 

 Multiply above matrices and take the trace of retardance Mueller matrix    

given as 

                                (2.92) 

where trace of the matrix is defined as “the sum of the elements on the main 

diagonal of a matrix”. If we simplify Eq. (2.91), and then take trace of the 

resulting matrix we will get Eq. (2.92). 

 

 Putting Eq. (2.92) in Eq. (2.60) and simplifying by using some basic 

trigonometric identities, the total retardance can be find out as 

                          (2.93) 

Putting Eq. (2.93) in Eq. (2.61) and by simplifying a3 can be find as 

 

    
              

                
 (2.94) 

 Now by using Eq. (2.92) and (2.94) , by solving both equations linear retardance 

and optical rotation could be find out as under 

 
            

                          (2.95) 

and 

 
        

        

        
  (2.96) 
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2.7   Polarized light scattering 

We present in this part the reformulation of theories presented by Van De Hulst [36]. 

The Mie theory discussed in Appendix provides the explicit solution of Maxwell’s 

equations for the problem of scattering of light waves by a sphere suspended in 

medium. However, there are different scattering regimes depending upon the size of 

scatterer and relative refractive index contrast. In order to categorize these scattering 

regimes, we consider a spherical scatterer of size as and refractive index ns suspended 

in a medium having refractive index nm. We define size parameter              

and relative refractive index m = ns/ nm for spherical scatterer suspended in a medium. 

These two parameters provide complementary information about the size of scatterer, 

wavelength of light waves in a medium and refractive indices of scatterers and 

medium. 

2.7.1   Rayleigh Scattering 

The British physicist Lord Rayleigh proposed the elastic scattering of light by 

scatterers which have size smaller than the incident wavelength of light, named as 

Rayleigh scattering [36, 81]. The electric polarizability of the scatterer is responsible 

for the this scattering, in which the oscillating electric field of incident light induces 

the electric charges in the scatterer to oscillate at the same frequency as incident field 

frequency behaving like small radiating dipoles. In Rayleigh scattering regime the 

size “as” of the spherical scatterer is smaller than the incident wave in the medium 

having refractive index “nm”. Mathematically we can write as 

          (2.97) 

where “k” is the wave number. In Rayleigh scattering the incident light has electric 

field     uniform on the scattering sphere and behaves like a single dipole having 

magnitude  , which is proportional to the incident electric field:       where   

polarizability of the sphere. The scattered field can be obtained by the following 

relation 

 
    
    

       
   

           

       
       

   
     
  

  (2.98) 

where   is the angle between direction of scattering and incident electric field. The 

parallel (   ) and perpendicular (   ) components of scattered electric field can be 

written as 
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                 (2.99a) 

 
    

    
  

 
                  (2.99a) 

If I0 is the incident intensity of natural light, then scattered intensity is given as 

 
   

             
     

   
   (2.100) 

The above equations are illustrated in scattering diagram shown in Fig. 2.5 referred 

commonly as diagram for Rayleigh scattering. It shows the distribution of unpolarized 

light scattering by spherical isotropic scatterers. Solid black line (1+2) represents total 

scattered intensity of unpolarized light, the dotted line (1) and dotted line (2) 

represents scattered intensity of parallel and perpendicular components respectively. 

This diagram shows angular distribution of Raleigh scattered intensity and valid only 

if the incident light is unpolarized and scatterers are isotropic.  

 

 

 

 

 

 

 

 

 

 

Fig. 2. 6 Rayleigh scattering angular diagram in for unpolarized incident light, solid black line 

(1+2) represents total intensity of scattered light, the dotted line (1) and dotted line (2) 

represents intensity of parallel and perpendicular components of scattered field respectively, 

while arrows show the direction of incident field. 

 

2.7.2   Mie Scattering 

In 1908 Gustav Mie proposed solution of Maxwell equations for scattering of light by 

a spherical scatterer without a particulate bound on the size of scatterer. In this regime 

the size of scatterer may be comparable or larger than the incident wavelength light. 

The limitations about the size may be mathematically given as [129]  

             

1 

2 
1+2 
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In this case a large sphere (  ) can be considered as the aggregate of many smaller 

spheres (   ), such that        and further more the incident wavelength is smaller 

than the sizes of smaller spheres. In Mie scattering the incident electric field is not 

uniform on the large sphere and induces different dipoles in the aggregate of smaller 

spheres. Therefore as result scattering is not isotropic and the scattering is forward 

peaked with modest backward lobe as shown in Fig. 2.6. But if the size of scatterer 

exceed certain limits (       ), then the scattering will be in geometrical optics 

regime. This regime is also forward peak, and very small backward scattered lobe as 

compared to Mie scattering. Different scattering regimes with forward and backward 

lobes are shown in Fig. 2.6. 

2.7.3   Raleigh-Gans Scattering 

In number of cases the refractive index contrast of the scattering particles and the 

surrounding medium is close to unity. In this case scattering is Rayleigh-like, even if 

the size of the scatterer is larger than the incident wavelength, which is called 

Rayleigh-Gans scattering regime. In this case we consider that        , where 

refractive index of scatterers (  ) and hosting medium (  ) almost match with each 

other (   ). In most general case the size of scattering sphere appear to be larger 

than the incident wavelength. In case of Rayleigh-Gans scattering, we assume that 

phase shift produced in the incident wave is much smaller, mathematically we can 

write it as 

           . 

here a restriction is placed on the size of scatterer, yet it is not like that size (  ) is 

   , rather size (  ) is         which includes large range of possibilities about 

the size of scatterers. We can define here the efficiency factor as the ratio of scattering 

cross section to geometric cross section (        
  ), detail of which is given in 

Appendix. As a consequence of above assumption the efficiency factor would also be 

smaller (    ) for Rayleigh-Gans scattering regime.  

Then assumption of large sphere (  ) can be taken as the aggregate of smaller spheres 

(   ), and the incident electric field can also be considered as homogenous on the 

sphere. Then the incident electric field induces similar dipoles in smaller (   ) 

aggregate spheres, which irradiate isotropically. Due to different locations of the 

small aggregate spheres inside the large, the single waves from each small sphere 

interfere with each other substituting the Rayleigh-Gans scattering regime. 
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Fig. 2. 7 Illustration of different scattering regimes when relative refractive index is greater 

than unity (m > 1) 

 

2.8   Summary 

We have devoted this chapter to self-contained overview of basic features of polarized 

light and its interaction with medium. Scope of this review is restricted to those 

topics, which are more relevant for explanations of the experimental results in the 

thesis. We first presented some basic concepts of polarized light and its mathematical 

representation by Stokes vector, coherency matrix and Jones vector formalism. Then 

interaction of polarized light with medium is explained on the basis of Jones and 

Mueller matrix methodologies. We preferred Mueller matrix formalism over Jones 

calculus to obtain polarization properties of the medium from our experimental 

studies, because Mueller matrix calculus is more suitable where scattering medium is 

involved. A detailed overview of polar decomposition of Mueller matrix for 

extraction of individual polarization properties is provided. At the end we have 

discussed scattering of light waves by spherical scatterers and identified different 

scattering regimes namely; Rayleigh scattering, Mie scattering and Rayleigh-Gans 

scattering regimes on the basis of size parameter and relative refractive index of the 

scatterers.  
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Chapter 3  

Experimental techniques 

 
3.1   Introduction 

In this chapter we will discuss different experimental techniques used for the 

characterization of samples used in this study. We will describe the optical 

measurement system based on home-made fiber optic probe to illuminate and collect 

the diffuse reflected light from the sample, which is processed via diffusion theory to 

yield absorption and reduced scattering coefficients ( a , 
'

s ). Afterwards, Mueller 

matrix spectro-polarimeter (MMSP) along with calibration for well characterized 

optical samples will be provided. Maximum error among Mueller matrices elements 

for air, polarizer and quarter waveplate was noted to be 0.7 %, 0.9 % and 0.86 % 

respectively. Mueller matrix imaging polarimeter will be demonstrated subsequently, 

in both forward and backscattering detection geometries. Different sample preparation 

methods will be presented at the end. 

3.2   Optical properties measurement system 

Before measuring the polarization metrics of the samples, we have measured the 

optical properties (absorption coefficient a  and reduced scattering coefficient 
'

s ) 

of biological tissues and optically-matched tissue phantoms. Figure 3.1 demonstrates 

schematic of optical measurement system along with the geometry of home-made 

fiber probe. Fiber based diffuse reflectance probe consists of three optical fibers (each 

with NA 0f 0.22 and 200 µm core diameter) to illuminate the sample and one fiber to 

collect the diffuse reflections, the separation between fibers are shown in Fig. 3.1 [82, 

83]. The system consists of an optical multiplexer (Model MPM-2000, Ocean Optics, 

Dunedin, FL, USA) for controlling and routing the input and output light from source 

and sample. Diode laser (Thorlabs, Newton, NJ, USA) having wavelength 635 nm 

was coupled to the input ports of optical multiplexer via fiber optics. The diffusely 

reflected from the sample was collected by optical fiber and was connected to the 

output port of multiplexer. The output signal from multiplexer was routed to the 

computer through spectrometer. 
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For each measurement three steps are necessary, (a) measurement taken for 

background, (b) measurement taken for reference signal to counterbalance the 

variations in the intensity of laser light and (c) laser light is channeled by multiplexer 

into the three input optical fibers and then diffuse reflection is measured as function of 

“r”. In order to calculate the absorption and reduced scattering coefficients of probed 

samples, the measured diffuse reflectance data as a function of distance was processed 

by diffusion theory with assumption that optical properties of the probed volume 

remain homogenous [82, 83]. 

 

Fig. 3. 1 Probe based optical measurement system, (a) complete setup and (b) geometry of 

probe indicating input and output fibers 
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3.3   Mueller matrix spectro-polarimeter (MMSP) 

We have used automated Mueller matrix spectro-polarimeter (MMSP) controlled by 

AxoScanTM (manufactured by Axometrics, 2006) for polarization spectral analysis of 

samples. Figure 3.2 shows a schematic of the automated spectral Mueller matrix 

polarimeter used in our experiment. It is based on three main components; 

Axometrics tunable visible light source, instrument heads and control unit. Tunable 

light source consists of low noise Xenon arc lamp (150 W) as input light source with 

built-in scanning diffraction grating monochromator for selection of required 

wavelength in the range of 400-800 nm. The resolution in the selection of desired 

wavelength is ± 0.5 nm. Light from source is coupled into multimode optical fiber of 

200 µm diameter. The spot size of the light at sample position is 2.5 mm. The other 

end of the optical fiber is connected to polarization state generator (PSG) in order to 

illuminate the sample with required polarization states.  

 

 

 

Fig. 3. 2 Schematic of MMSP includes light source (L), polarization state generator (PSG), 

sample (S), polarization state analyzer (PSA), detector (D) and control unit (C)  

 

The Mueller matrix spectro-polarimeter (MMSP) contains two heads namely 

polarization state generator (PSG) and polarization state analyzer (PSA) tied on 

adjustment bracket for directing the optical beam on required path. PSG and PSA 

generate and analyze different polarization states necessary for the calculation of 

Mueller matrix of the sample. PSG contains a collimating lens, which collimate the 

light provided through optical fiber. The collimated light then passes through 

polarization optics containing a stationary polarizer and high speed motorized 

waveplate. After interacting with sample the output light is passed through PSA 

containing motorized waveplate and stationary polarizer. The light is then focused by 
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lens on the detector having acceptance angle approximately ± 2°, which is connected 

with computer. Photograph of MMSP along with each component is in shown in Fig. 

3.3. 

 

Fig. 3. 3 Photograph of complete Mueller matrix spectro-polarimeter (MMSP) 

 

 
 

Fig. 3. 4 Illustration of GUI main screen 
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All the operations of MMSP are controlled by control unit included in AxoScanTM 

package. The control unit controls the polarimeter operations; like generation of 

required polarization state, selection of wavelength or spectrum, analyze and acquired 

the data and provide graphical user interface (GUI). It contains Microsoft windows 

operating system. Fig. 3.4 shows the photograph of main screen of GUI. 

 

 

 

Fig. 3. 5 Demonstration of properly (a) aligned polarimeter, and (b) poorly aligned 

polarimeter 

 

For accurate measurements, alignment of the instrument is very important. Figure 3.5 

demonstrate good alignment (a) and poor alignment (b) of the instrument heads. In 

poor alignment, the light beam interacts with the internal aperture of PSA or PSG 

although the when beam appear to be centered correctly on the entrance and exit 

widows of PSA and PSG. Due to this misalignment the accuracy of the measurements 

will be reduced. Therefore before using the instrument, it should be properly aligned. 

3.3.1   Measurement procedure  

Mueller matrix is the polarization transfer function containing the fingerprint of 

medium under investigation. It can be calculated with the combination of different 

input and output polarization states. In our experimental setup, 16 raw intensity 

measurements were acquired, then by using Eq. 3.1 Mueller matrices were calculated 

at each wavelength [7]. Samples were illuminated with four different polarization 

states including horizontal (H), vertical (V), linear +45
0
 (P) and right circular (R). 

After interaction with sample, each polarization state was analyzed on four different 

polarization states same as input states. 
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where each measurement is denoted by two letters with first letter represents the 

incident polarization state and the second letter represents the state on which it is 

analyzed. For example “HR” means the incident polarization state is horizontal (H), 

which is analyzed onto right circular (R) polarized light.  

3.3.2   Accuracy of polarimeter 

The accuracy of MMSP has been evaluated by well characterized standard optical 

samples. In this regard Mueller matrices for air, polarizer and quarter waveplate (at 

632.8 nm wavelength) were measured in the spectral range of 400-800 nm. Fig. 3.6 

illustrate average normalized Mueller matrix elements taken over 20 readings along 

with error bars, for air in the spectral range 400-800 nm measured by the MMPS. 

Maximum error of 0.7 % is noted among the Mueller matrix elements at 400 nm. In 

order to visualize the error bars more clearly in Fig. 3.6, we have not kept the range of 

vertical axis same for all Mueller matrix elements, in the investigated spectral range.  
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Fig. 3. 6 Normalized Mueller matrix elements for air measured in spectral range 400-800 nm 

with maximum error of 0.7 % 

 

We have measured Mueller matrix spectrum for a linear polarizer with MMSP in 

transmission mode. Figure 3.7 shows normalized Mueller matrix elements for a linear 

polarizer in the spectral range of 400-800 nm. Scale for vertical axis is kept same for 

all elements. Maximum error of 0.9 % is observed among the elements. 
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Fig. 3. 7 Normalized Mueller matrix elements for a linear polarizer measured in spectral 

range 400-800 nm with maximum error of 0.9 % 

 

Then Mueller matrix at each wavelength is decomposed by polar decomposition to 

yield different polarization properties of polarizer [70]. Fig. 3.8 demonstrate total, 

linear and circular diattenuation extracted via polar decomposition. From the figure it 

is clear that total and liner diattenuation for linear polarizer is almost unity while 

circular diattenuation is almost zero, over entire investigated wavelength. Maximum 

error of 1.1 % is noted in the calculation of diattenuation. Figure 3.8 (d) illustrate the 

orientation of polarizer axis over the spectral range. 
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Fig. 3. 8 Illustration of (a) total, (b) linear, (c) circular diattenuation and (d) orientation of axis 

of linear polarizer spectrum with maximum error of 1.1 % 

 

In order to evaluate the accuracy of MMSP further, next standard sample we have 

used is quarter waveplate (at 633 nm). Mueller matrix spectrum for a quarter 

waveplate is measured with MMSP in transmission mode. Fig. 3.9 shows normalized 

Mueller matrix elements for quarter waveplate in the spectral range of 400-800 nm. 

Maximum error of 0.86 % is observed among the elements. 
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Fig. 3. 9 Normalized Mueller matrix elements for quarter waveplate measured in spectral 

range 400-800 nm with maximum error of 0.86 % 

 

Mueller matrix at each wavelength is decomposed by polar decomposition to yield 

different polarization properties of quarter waveplate, as was done for polarizer. Fig. 

3.10 illustrates total, linear, circular retardance and orientation of fast axis of quarter 

wave plate extracted via polar decomposition. Maximum error of 1.1 % is noted in the 

calculation of retardance. Error bars are smaller than the symbols we have used in 

figure, therefore not visible. From figure it is clear that at 633 nm wavelength quarter 

waveplate offer 90
0
 phase retardance. 
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Fig. 3. 10 Illustration of (a) total, (b) linear, (c) circular retardance and (d) orientation of fast 

axis of quarter waveplate in spectral range 400-800 nm with maximum error of 1.1 % 

 

3.4   Mueller matrix imaging polarimeter 

We have performed polarized light imaging in two different geometries. Fig. 3.1 

depict schematic diagram of Mueller matrix imaging polarimeter used for our 

experiments in both transmission and backscattering mode. The polarized light after 

interaction with sample passes through output arm containing polarization optics and 

CCD camera, which was placed collinear to the incident light for transmission 

geometry. While in backscattering geometry, the output light was channelized through 

output arm, placed at an angle of 25
0
 off-axes relative to the incident light. 

Briefly our setup consisted, diode laser (Thorlabs, Newton, New Jersey) having 

wavelength 635 nm as input light source to illuminate the sample. In order to 

illuminate the sample with different linear and circular polarized light states, the 

polarizer P1 and removable quarter waveplate QWP1 were used. In order to get 

spatial variation of polarization properties of sample, lens L1 was used to illuminate 

the sample with 1 cm spot size. The exiting light from the sample than passed through 
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the output arm, containing removable quarter waveplate QWP2 and polarizer P2 in 

any particular direction (transmission of backscattered geometry). Lens L2 collect the 

light coming from the polarization optics in output arm and focused onto 1.5 X 1.5 

cm2 photoreceptor of charge-coupled device camera (CoolSNAPK4, Photometric, 

Tuscon, Arizona) with 2048 2048 pixels, with 7.4 X 7.4 m2 pixel size. 

In order to calculate the Mueller matrix, samples were illuminated with four different 

polarization states and each polarized state was analyzed onto six different states. 

Then Mueller matrix was calculated from total of 24 polarization images. In this 

approach, four different incident polarization states were generated (linear horizontal 

(H), linear vertical (V), linear +45
0
 (P) and right circularly polarized state (R)).  After 

interacting with the sample, six different output states for each of the four different 

inputs were measured; four states same as input, plus linear –45
0
 (B) and left 

circularly (L) polarized states. Mueller matrix was calculated from these 24 raw 

images [84] by using eq. (1), 

  

 

 

 
 
 
 
                                                              

                                                               

                                                                

                           V                                        
 
 
 
 

(3.2) 

where each measurement is denoted by two letters.  The first letter represents the 

incident polarization state, and second letter represent the analyzing optics orientation 

during measurement.  For example, HV means an image resulting from a horizontally 

polarized light incident on the sample and imaged through a vertical linear polarizer 

in front of the CCD. 
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Fig. 3. 11 Schematic of the polarimetric imaging set-up, P1 and P2 are polarizers, QWP1 and 

QWP2 are removable quarter waveplates, L1 and L2 are lenses. In transmission mode, the 

detection arm is collinear with the incident beam. In the back-scattering geometry, the 

analyzer arm is positioned Ɵ=25
o 
off the exact retro-reflection direction 

 

Fig. 3.12 shows the different polarization images of white paper placed inside and 

outside the wall of quartz cuvette having dimensions of 1cm  1cm  4cm measured 

in backscattering geometry with Mueller matrix imaging polarimeter. This is done in 

order to evaluate the polarization effect (particularly retardance) of quartz cuvette’s 

wall. Total depolarization, linear retardance and orientation of retardance for both 

samples (paper inside and outside) are shown in columns of Fig. 3.12. From figure it 

is obvious that despite the high depolarizing nature of white paper linear retardance 

trends are almost similar. That means quartz cuvette offers very small retardance 

values. 



51 

 

 

 

Fig. 3. 12 Illustration of first column (a) total depolarization, (c) linear retardance and (e) 

orientation are for paper when place inside the cuvette while second column (b) total 

depolarization, (d) linear retardance and (f) orientation are for paper when place outside the 

cuvette 
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3.5   Sample preparation 

In order to characterize the samples with polarization properties measurement, we 

have conducted three different types of experimental studies. In first study porcine 

liver and optically matched tissue phantoms were investigated, second study focus on 

the correlation of depolarization and transport albedo of six different porcine tissues 

and in third study we have assessed ex vivo liver tissues injured with carbon tetra 

chloride (CCl4). 

3.5.1   Sample preparation for first study 

Porcine liver was purchased from a local abattoir within four hours after sacrifice of 

the animal. Optical properties ( a ,
'

s ) of the liver were measured with setup 

described in section 3. 2. We then fabricated four different phantoms containing 

Intralipid and mono-disperse polystyrene spheres, having matched optical properties 

with liver. Optical properties of liver and all phantoms used in this study are 

summarized in table 4.1. Optical properties of the phantoms were adjusted with the 

help of intralipid, polystyrene and naphthol green. By controlling the concentration of 

intralipid or polystyrene, scattering coefficient can be adjusted, while absorption 

coefficient can be controlled by dilution of naphthol green. We have fabricated four 

different phantoms; intralipid phantom (IL) contains intralipid as scatterers, 

polystyrene spheres phantom (PS1) contains 1 µm diameter polystyrene spheres as 

scatterer and PS2 & PS3 contains 1.4 µm diameter polystyrene spheres. The only 

difference between PS2 and PS3 phantoms is that PS2 phantom is matched with liver 

by reduced scattering coefficient (
'

s ), while PS3 is matched with scattering 

coefficient ( s ).  

After optical properties measurement, we chopped liver into 1cm 1cm 4 cm pieces 

approximately. We put these liver samples into quartz cuvette having size 1cm 1cm

 4cm for measurements of Mueller matrix images in backscattering geometry. In 

order to avoid dehydration of liver samples, we put phosphate buffer saline (PBS) 

repeatedly on sample and covered the cuvette with cap. All the measurements were 

completed within an hour. Three different livers from different animals were obtained 

and three samples from each liver were chopped, in this way total of nine samples 

were used for polarization measurements. Similarly, we fabricated three phantom 

samples for each phantom (e.g. three IL phantoms having same optical properties) and 
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each was imaged three times with Mueller matrix polarimetry. Therefore for each 

phantom, we have acquired total of nine measurements to obtain analogous statistics 

[84]. 

3.5.2   Sample preparation for second study 

Six different types of porcine tissues were obtained from local abattoir after the 

sacrifice of animal. We have used three types of tissues (liver, brain and kidney 

cortex), which are isotropic and offer very low birefringence. These tissues were 

selected because they span different optical properties, like liver is highly absorbing 

tissue and isotropic [85, 86]. Kidney cortex is isotropic, while brain was chosen 

because it is highly scattering has low absorption [85-87]. Furthermore, myocardium 

muscle, tendon and loin muscle were chosen as highly birefringent and anisotropic 

tissues that span different optical properties. Myocardium muscle was preferred from 

heart, because it is highly birefringent tissue where cardiac muscle cells are oriented 

in particular direction [26], while loin muscle is also birefringent in which myosin 

fibers are loosely aligned and have low optical properties than myocardium [85, 88]. 

Tendon is highly anisotropic and has approximately same optical properties as brain 

tissues, which consists of closely packed parallel arrays of collagen [26]. 

Optical properties of all the biological tissues were measured by the system depicted 

in Fig. 3.1 and are summarized in table 5.1. Then each tissue was sectioned and 

prepared two sections from each tissue having thickness of 2 mm and 1 cm, and the 

lateral area of each section was more than 1.5 cm x 1.5 cm. Then samples were placed 

between two glass slides and were secured to hold the sample and prevent from 

falling. 2 mm samples were imaged in both geometries i.e. forward and backward 

geometries as shown in Fig. 3.10, while 1 cm thick samples were measured only in 

backscattering geometry, because in forward direction polarization signal is lost 

completely. During the experiment PBS was sprayed periodically to avoid 

dehydration [89].    

3.5.3   Sample preparation for third study 

In this study carbon tetrachloride (CCl4) is used to induce hepatic injury in 

experimental Wister rat. Fifteen rats were used in the experiment and divided into 

three groups and each group contains five rats. One group was normal and other two 

groups were given different doses of 0.4 ml/kg and 1.0 ml/kg of CCl4 by 
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intraperitoneal injection. All animal procedures were carried out in accordance with 

the international guidelines and local ethical committee approval for the care and the 

use of laboratory animals. For minute hepatic injury, 24-hour following the 

administration of CCl4, livers were retrieved. The animals were anesthetized and 

dissected to get liver from each animal, which was then kept in phosphate buffer 

saline (PBS) to avoid the dehydration of the liver samples. By scissor the liver was cut 

in to pieces and was placed in fixative. The liver tissues samples were kept in fixative 

for 24 hours to maintain the normal architecture of liver. Samples were then 

transferred to 70 % isoproponol to dehydrate the samples to and maintain the normal 

integrity of liver. This procedure takes a day to perform. The samples were then 

processed in accordance with pathological protocols. By using microtome thin 

sections of tissue having thickness    , and lateral dimensions of 6 mm x 6 mm were 

prepared. Moreover, gelatin coated glass slide were prepared by these liver sections 

for our experimental study [90]. 

3.6   Summary 

In this chapter we have discussed different experimental techniques used in this 

course of work. Optical measurements system was used as prerequisite to measure the 

optical properties of the samples based on diffuse reflectance measurements. Then 

Mueller matrix spectro-polarimeter (MMSP) is discussed. In order to evaluate the 

performance and calibration of MMSP, Mueller matrices for air, polarizer and quarter 

waveplate were measured and then were decomposed via polar decomposition to 

yield polarization properties in the spectral range of 400-800 nm. The maximum error 

among Mueller matrices for air, polarizer and quarter waveplate was 0.7 %, 0.9 % and 

0.86 % respectively was noted. While we have calculated 1.1 % maximum error in 

derived polarization metrics. Mueller matrix imaging polarimeter was described in 

both forward and backscattering geometries. At the end different sample preparation 

methods were discussed. 
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Chapter 4  

Polarization properties of biological 
tissue and optically matched phantoms 

 
4.1   Introduction 

Optical imaging through biological tissues has gained much interest in recent years 

due to non-ionizing nature. In addition to optical properties, the optical polarization 

imaging provides better contrast by discrimination and rejection of highly scattered 

photons from unscattered or weakly scattered photons. In order to understand the 

propagation of polarized light through turbid medium (biological tissues) several 

studies has been carried out. Due to complex nature of scattering phenomena in 

biological tissues, one can fabricate tissue phantoms for controlled optical properties 

and theoretical simulations. Phantoms are very useful for different purposes like 

calibration of polarization measurement system, testing polarization-derived 

properties and validation of experimental and theoretical studies etc. The nature of 

optical scattering in biological tissues generally differs from that in common tissue 

phantoms.  Specifically, the former exhibits continuous variation in the refractive 

index, whereas the latter (e.g.  microspheres or fat globules in water) display discrete 

refractive index discontinuities.  Nevertheless, it is possible to match the bulk optical 

properties of the two types of media – the absorption and scattering coefficients and 

anisotropies of scattering – such that measurable intensity-based physical quantities 

such as interstitial fluence or diffuse reflectance are similar. 

In this chapter, we have investigated how polarization properties differ, when optical 

properties of biological tissue and phantoms are matched. Specifically, we use 

polarized light in backscattering geometry to measure the Mueller matrices for thick 

samples of porcine liver, Interlipid, and microsphere-based tissue phantoms whose 

absorption and scattering properties are matched. Significant depolarization 

differences between tissue and its phantoms are noted, with phantoms exhibiting 

greater depolarization rates, which are contrary to previously reported results in 

transmission geometry [48]. These differences are in part attributable to the effect of 
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particulate geometry used for detection and single scattering phase function. 

Implications for tissue optics studies and tissue polarimetry are discussed. 

4.2   Results and discussion 

In this study comparison of polarization properties of biological tissue (Porcine liver) 

and matched optical properties with four different phantoms has been investigated in 

backscattering geometry [84]. Prior to measuring polarization properties of the 

samples, optical properties were measured. Four different phantoms containing 

intralipid (IL phantoms) and monodispersed polystyrene spheres (PS phantoms) 

having matched optical properties with porcine liver are fabricated. For fabrication of 

phantoms, scattering coefficients were adjusted with dilutions of different 

concentrations of scatterers (intralipid or polystyrene spheres) and absorption 

coefficient was adjusted by dilution of Naphthol green. Table 4. 1 summarizes the 

optical properties of porcine liver and all phantoms used in this study each averaged 

over three measurements. 

Table 4. 1 Summary of the optical properties of porcine liver and turbid phantoms 

suspensions
a
 at 635 nm wavelength. 

Sample d a  (cm
-1

) 
'

s  (cm
-1

) g s  (cm
-1

) 

Porcine 

Liver 
-- 4.14 6.96 0.91  (36) 76.6 

IL 

phantom 

~25-675 nm 

(37) 
4.15 6.97 0.73  (37)] 

Not 

calculated 

PS1 

phantom 
1.0 µm 4.15 6.95 0.916 (Mie calc.) 

Not 

calculated 

PS2 

phantom 
1.4 µm 4.14 6.97 0.929 (Mie calc.) 

Not 

calculated 

PS3 

phantom 
1.4 µm 4.15 5.50 0.929 (Mie calc.) 77 

 

a
Mean scatterer diameter (d) of phantoms, absorption coefficient ( a ), reduced scattering 

coefficient (
'

s ), anisotropy factor (g) and scattering coefficient ( s ). a and 
'

s  were 

measured and matched directly; g values were obtained from literature (liver, Intralipid) or 

calculated from Mie theory (PS samples); s was calculated from
'

s  and g where necessary. 

 

After measurement of optical properties, each sample was imaged three times for 

measurements of polarization properties. Mueller matrices were derived from the 

combination of 24 images acquired for each sample, which were then decomposed via 
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polar decomposition method to extract individual polarization metrics. Due to very 

high absorption of liver and phantoms, intensity falls abruptly as we move away from 

the point of illumination, therefore we have used larger input beam diameter (~7mm) 

for depolarization studies instead of focused beam. Fig. 4.1 shows spatial maps of 

average retardance values with 1.5 % uncertainty among three measurements, for 

porcine liver and all phantoms used in this study. It is clear from Fig. 4.1 that all the 

samples exhibited very low retardance. Both fresh liver samples and all phantoms (IL 

& PS phantoms) fall in isotropic scattering category, therefore the retardance might be 

lowest as is obvious from Fig. 4.1. 

 

 

 

Fig. 4. 1 Retardance images of porcine liver and the phantoms derived from Mueller matrix 

measurements in the backscattering geometry having 1cm X 1cm field of view 

 

We have calculated total depolarization, linear depolarization and circular 

depolarization. Fig. 4.2 depict spatial maps of total (ΔT), linear (ΔL) and circular (ΔC) 

depolarizations for liver and all phantoms used in our experiment. For all three 
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measurements, uncertainty of 1.5 % is calculated for all pixels in each image. Table 

4.2 shows percentage (%) minimum depolarizations values. It is obvious from table 

that depolarization is in the range of 60% - 95 % for liver and all the phantoms, 

indicative of highly depolarizing nature of thick samples in backscattering mode.  

 

Table 4. 2 Percentage (%) minimum values for total (ΔT), linear (ΔL) and circular (ΔC) 

depolarization for biological sample (Porcine liver) and all the phantoms 

 

Samples ΔT ΔL ΔC 

Porcine Liver 69 64 82 

IL Phantom 75 65 93 

PS1 Phantom 82 86 67 

PS2 Phantom 80 86 67 

PS3 Phantom 79 80 73 

 

 

In order to analyze the depolarization trends quantitatively, numerical data is taken 

over 1mm width along the horizontal line passing through the center of depolarization 

images shown in Fig. 4.2, and is plotted in Fig. 4.3 as a function of distance from the 

centre of images. Fig. 4.3 is quantitative representation of total, linear and circular 

depolarizations as a function of distance for porcine liver and all phantoms used in 

this study. For further clarity, the comparison of depolarizations, minimum 

depolarization of each sample is shown in histogram representation in Fig. 4.3. 

Many interesting results are revealed from the visual comparison of depolarization 

trends observed in figures, summarized as: (i) the total, linear and circular 

depolarization trends of IL phantom are approximately closer to the porcine liver 

depolarization trends; (ii) linear polarization states are better maintained in liver and 

IL phantoms as compared to of all PS phantoms; (iii) while circular polarization states 

are better maintained in all PS phantoms as compared to liver and IL phantoms; (iv) 

overall depolarization rates of PS phantoms are observed to be higher than IL 

phantom and liver; (v) generally all PS phantoms polarimetry results are same, 

although the scatterer size and concentration of scatterers was different. 
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Fig. 4. 2 Total, linear and circular depolarization images of porcine liver and the phantom 

derived from Mueller matrix measurements in the backscattering geometry. A 1cm X 1cm 

field of view for each image is shown. The scale bar indicates depolarization percentage 

values with deep red signifying 100% depolarization (complete loss of polarized light 

information) 
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Fig. 4. 3 Representative plots of average total, linear and circular depolarizations. a) total 

depolarization, b) linear depolarization and c) circular depolarization along x axis in Fig. 4.2, 

averaged over the 5-mm ± y central strip . The error bar for all the graphs is 1.5%; this is the 

standard deviation of the pixel intensities in each image of Fig. 4.2. The error bar size is equal 

to the line thickness 

 

For better understanding of the results obtained in this study, we have to insight 

deeply into the phenomena of linear and circular depolarization.  Several studies on 

depolarization (15-18), reveals that linear and circular depolarization rates of light are 

greatly affected by different parameters of scatterer and surrounding medium such as 

scatterer size, shape, density the refractive index of scatterer and surrounding medium 

and packing of scatterer in the medium and detection geometry. In general on the 
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basis of scatterer size which are uncorrelated and optically inactive, linear and circular 

depolarization, three different cases can be identified (15) as 

In Mie regime, linear depolarization is higher than circular depolarization (     ). 

In Rayleigh regime, linear depolarization is less than circular depolarization (   

  ). 

While in Mie-Rayleigh transition regime linear and circular depolarization rates are 

approximately equal (     ). 

Now we endeavor to explain the observed trends of depolarization based on sizes of 

scatterers, relative refractive indices and detection geometry. All PS phantoms used in 

this study consists of polystyrene, mono-dispersed spheres as scatterers, amalgamated 

in water in suspension form. The refractive index of polystyrene spheres is 1.59; 

while that of water is 1.33, therefore relative refractive index contrast of all PS 

phantoms is ~ 1.59/1.33. While on the other hand the relative refractive index of 

biological tissues like liver have much lower refractive index contrast approximately 

~ 1.04 [91]. Based on relative refractive index, IL phantoms fall between PS 

phantoms and liver samples categories having relative refractive index contrast 

~1.46/1.33. In PS1 phantom the scatterers size is 1.0 µm, while PS2 and PS3 consists 

of 1.4 µm of polystyrene spheres. The size and shape distribution of scattering 

particles in intralipid is studied by several researchers, as were determined by Hugo J. 

van Staveren et al. by using transmission electron microscope (TEM), also C. Bordier 

and et al has investigated by using angular distribution of polarized light scattering at 

various incidence angles [89, 92]. Since transmission electron microscopy is well-

established technique, according to which large no of scatterer’s falls in Rayleigh 

regime and less number of scatterers are found to be in Mie regime. So we expect that 

circular depolarization should be higher, as obvious in this study for IL phantom. 

There are wide varieties of structures within cells that determine tissue light 

scattering. In liver, the scattering is due to hepatocyte, nucleus, mitochondria, 

lysosomes (all falls in Mie scattering regime) and ribosomes (20 nm in diameter) and 

structures within various organelles can have dimensions up to few hundred 

nanometers. It is reported that particles inside the nucleus contribute largely to 

scatterings [91, 93]. Despite the matched bulk optical properties of all phantoms, fine 

differences in the polarimetric properties are merely due to different parameters of 

individual scatterers, like different refractive index profiles, sizes and shapes. 
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Fig. 4. 4 Percentage values of minimum total (ΔT), linear (ΔL), and circular (ΔC) 

depolarizations for all samples. The error bars indicate uncertainty (standard deviations) of 

each measurement 

 

 

Table 4. 3 Microscopic properties of the liver and phantoms, m is the relative refractive index 

of the scatterers compare to the background medium, d is the diameter of the particles, x is the 

size parameter, where λ is the wavelength of the laser light in the medium, x(m-1) is the phase 

shift light experiences when passing through the scatterers 

 

 

Sample m = nscatt / nback d (µm) x= πd / λ x(m-1) 

Liver 1.04 - 1.1 (47) 0.5-1 (47, 48) 3.25 - 6.5 0.13 - 0.65 

IL Phantom 1.1 (46) 26 - 675 (46) 0.16 - 4.4 0.01 - 0.4 

PS Phantoms 1.2 1,1.4 6.958, 9.21 1.31, 1.82 
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In Table 4.3, some scattering parameters of the scatterers are listed for liver and all 

phantoms used in this experiment. Here “m” is the relative refractive index of the 

scatterers with nscatt represents refractive index of scatterers and nback is the refractive 

index of background, d is the diameter of scatterers, x is the size parameter and x(m-

1) represents the phase shift of light upon passing through the scatterers. For liver and 

IL phantoms, the scattering parameters listed in table are taken from literature. For 

liver the scatterer’s sizes are in the range of 300 nm to 10 µm, but we are using the 

approximation of Schmitt et al., according to which the range (300 nm – 10 µm) for 

tissues can be modeled equivalently with spherical scatterers having diameter in the 

range ~ 0.5-1 µm as listed in Table 4.3 [91, 94, 95]. 

In Table 4.3, the values of size parameter x and relative refractive index contrast m 

indicates that all PS phantoms are falling in Mie scattering regime. We know that for 

Mie scatterers, circular polarization states are better maintained as compared to linear 

polarization states i.e. ΔL  >  ΔC , so our depolarization trends observed for all PS 

phantoms make sense because Mie scattering linear depolarization dominates the 

circular depolarization. Now for IL phantom and liver samples, we try to sort out the 

dominant scattering regime. From Table 4.3 it is obvious that relative refractive index 

of IL phantom and liver is approximately near to unity and also x(m-1) the phase shift 

of the light passing through the samples is less then unity. From theory, it is clear that 

these ranges are associated with regime of Rayleigh-Gans scattering, whereas in this 

regime scattering is dominated by small particles as observed for Rayleigh scattering 

regime [25, 45, 95]. This indicates that IL phantoms and liver samples fall in same 

category of Rayleigh-Gans scattering regime, different from all PS phantoms that falls 

in Mie scattering regime. Therefore we conclude on the basis of above discussion that 

IL phantoms and liver samples falls in Rayleigh-Gans scattering regime where 

scattering is dominated by small particles such like Rayleigh scattering, in which 

linear polarization states are better preserved than circular polarization states i.e. ΔC  >  

ΔL obvious from observed results in this study. Note that in spite of similar 

depolarization trends of IL phantoms and liver does not entail that these two have 

same polarization properties. Circular and linear polarization states are preserved 

better in liver samples than IL phantoms as can be seen in Fig. 4. 2. These differences 

arises due to different relative refractive index contrast profiles; different scatterer’s 

sizes, shapes and packing of scatterers in liver and IL phantoms. 
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There exist considerable differences, when total depolarization (ΔT) trends of all 

phantoms and liver are compared. In Fig. 4.3 & 4.4 and in Table 4.2, we have 

compared minimum depolarizations for all the samples used in this study. Results 

show that all PS phantoms demonstrated greater depolarization as compared to IL 

phantoms and liver. Further, when we compared total depolarization of IL phantom 

and liver samples, dominancy in depolarization of IL phantoms is observed over liver 

samples. It should be noted that we are mentioning these results for thick samples, in 

particulate geometry of backscattering mode as indicated in chapter 3. These results 

are contrary to previously reported findings [48], in which biological tissues exhibit 

stronger depolarization rates as compared to polystyrene spheres and intralipid 

phantoms for comparable optical properties in transmission geometry through thin 

samples. Furthermore circular polarization states were observed to be better 

maintaining as compared to linear polarization states in particularly intralipid 

phantoms [48], which is contrary to our observation in intralipid phantoms, in which 

opposite of this is true in particularly backscattering geometry. The observed 

differences are not surprising because of different geometries these differences are 

arrived. In fact, single scattering phase function, which is the angular distribution of 

scattered light intensity, changes with scattering regime and incorporate different 

polarization properties as a function of different detection geometry. In PS phantoms, 

since the sizes of scattering particles are larger as compared to the incident 

wavelength, therefore Mie scattering phase function is forward peaked (i.e. more 

photons are scattered in forward direction) with modest backwards lobe (i.e. less 

photons are scattered in backscattering direction). On the contrary, in IL phantoms 

and porcine liver scattering is dominated by Rayleigh-Gans regime and the phase 

function associated with this regime is still forward peaked, but more photons are 

scattered in backward direction as compared to the PS phantoms (Mie scattering). The 

Rayleigh-Gans scattering phase function demonstrate larger lobe as compared to the 

Mie scattering phase function, when observed in backscattering geometry [36, 95, 

96]. Therefore, in Rayleigh-Gans scattering regime photons undergo less scattering 

events in backscattering regime as compared to Mie scattering regime. Porcine liver 

and intralipid phantoms favor Rayleigh-Gans scattering regime and therefore 

depolarize the light less when compared with polystyrene phantoms, which favors the 

Mie scattering. Therefore, based on above discussion we conclude that different 

scattering phase function is responsible for the larger depolarization of light in PS 
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phantoms as compared to the porcine liver and IL phantoms in backscattering 

geometry, which is contrary to previous reported results. 

Porcine liver and intralipid phantoms falls in same Rayleigh-Gans scattering regime, 

but it does not assure that these two categories are same in polarization properties 

sense. There exist differences in total, linear and circular depolarizations as can be 

seen in Fig. 4.3 & 4.4. These differences may arise due to many reasons.  As it is 

obvious that in tissues the scatterers are located in close proximity to each other that 

are likely to exhibit correlated scattering effects due to densely packing, as compared 

to common tissue phantoms where independent scattering can be assumed. 

Previously, the effect of packing of scatterer on depolarization was studied, according 

to which as concentration of polystyrene spheres in phantoms was increased beyond 

certain limits, the depolarization of linear and circular depolarization rates tends to 

decrease. We may assume that lower depolarization rates particularly, observed 

circular depolarization difference in liver sample and IL phantoms arises due to 

correlated scattering because of dense packing of scatterers in biological sample 

(porcine liver). In addition, different distribution of sizes of scatterers in biological 

samples (liver) and IL phantoms may affect the difference in circular depolarization, 

particularly in Rayleigh-Gans regime. Furthermore, the different relative refractive 

index contrast of liver and IL phantoms may responsible for the observed differences. 

From Fig. 4.3 and 4.4, differences in linear depolarization and circular depolarization 

for all samples can be observed, which are summarized in (iii) & (iv). In order to 

explain the observed differences, we again conjure the dominant scattering regimes 

for all samples used in this study. All PS phantoms fall in Mie scattering regime as 

discussed above. Therefore, the observed dominancy of linear depolarization over 

circular depolarization is because of Mie scattering. On the other hand, for intralipid 

phantoms and liver samples dominancy of circular depolarization over linear 

depolarization was observed. These differences are based on size parameter of 

scatterers and relative refractive index contrast, we have placed them in Rayleigh-

Gans scattering regime.  

Finally, it is worth to demonstrate the comparison of all polystyrene phantoms (PS 

phantoms) depolarization rates with liver samples, as we have mentioned in trend (iii) 

previously. From Fig. 4.3 & 4.4, it is illustrated that polarimetric properties of PS3 

phantom approximates well the polarization behavior of porcine liver, when 

compared with the polarization properties of PS1 and PS2 phantoms. Even though 
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this polarization behavior is not good as Intralipid phantoms does. From our results it 

seems that matching scattering coefficient (PS3 phantom is s  matched with liver as 

shown in Table 4.1) of PS phantoms resulted in good polarimetric approximation 

rather than matching the reduced scattering coefficient of PS phantoms with liver. The 

depolarization properties of PS1 & PS2 phantoms are approximately same, although 

the scatterer size in fabrication of both phantoms is different as shown in Table 4.1. 

This means that 30 % change in polystyrene spheres size used in PS1 & PS2 

phantoms, did not incorporated considerable change in the depolarization properties 

of both, since both phantoms still falls in Mie regime. Overall, we conclude that 

intralipid phantoms are good candidates to simulate the polarization properties of 

tissues rather than polystyrene spheres phantoms, particularly in backscattering 

geometry and for thick samples. 

The images of diagonal elements of Mueller matrix (   ,     and    ) for 

biological samples (Porcine liver) and all other phantoms used in this study are shown 

in Fig. 4.5. Since liver and all the phantoms are very much absorbing (  ), therefore 

the pronounced butterfly effects could not be seen. Regardless of high absorption, 

some differences in diagonal elements of Mueller matrix are obvious in liver, IL & 

other PS phantoms, which provide another evidence of different scattering mechanism 

in biological tissue (Porcine liver) and tissue phantoms used in this study. From Fig. 

4.5, we can observe the difference in diagonal Mueller matrix elements for liver and 

phantom1 then other phantoms used in this study. Also     and    (which are 

related to linear depolarization) are observed to be approximately same for liver and 

IL phantom, while difference in     (related to circular depolarization) for them is 

pronounced. 

In Fig. 4.6, we have shown the orthogonal images for each of samples used in this 

study, which provide kind of scattering mechanism of linearly polarized light. The 

differences are obvious from images for liver and all the phantoms, particularly some 

difference between liver and IL phantom orthogonal images can be seen, which was 

neither obvious from linear depolarization images nor from diagonal images of 

elements of Mueller matrix. This implies that orthogonal images can reveal some 

information about scattering mechanism of linear polarized light in biological tissue 

(Porcine liver) and phantoms. 
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Fig. 4. 5 Images of diagonal Mueller matrix elements for liver and all the phantoms used in 

this study 
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Fig. 4. 6 Polarization images for crossed polarizers, for biological tissue (Porcine liver) and 

all the phantoms 

 

4.3   Summary 

In this chapter, we have demonstrated that common tissue phantoms used in this study 

exhibit different polarization properties then biological tissue (Porcine liver), even 

when the bulk optical properties (absorption and scattering co-efficient and anisotropy 

factor) of two media are matched. Polystyrene spheres and intralipid phantoms having 

matched optical properties with liver were fabricated. Then polarization properties of 

thick (1 cm) samples were measured in backscattering geometry. Significant 

differences in depolarization trends were observed between porcine liver and all 

phantoms (PS & IL phantoms) used in this study. Our results illustrate that all 

phantoms exhibit more depolarization as compared to porcine liver in backscattering 

mode, which are contrary to formerly reported results particulate for transmission 

geometry. Generally, the polarization properties of IL phantoms approximate the 

polarimetric properties of liver well compare to other PS phantoms. Linear 
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polarization states were better maintained than circular polarization states in both liver 

and IL phantoms, while PS phantoms exhibit better preservation circular polarization 

states as compared to linear polarization states. Our results show that by matching 

scattering coefficient ( s matched PS3 phantom) of PS phantoms resulted in good 

polarimetric approximation rather than matching the reduced scattering coefficient (

'

s  matched PS1 & PS2 phantoms) of PS phantoms with liver. Although this 

polarimetric estimate is not good as IL phantoms have with liver. Qualitatively these 

results are consistent with Mie and Rayleigh-Gans scattering regimes. Overall, we 

conclude that matched bulk optical properties of phantoms with tissues does not 

guarantee similar polarization properties, and further intralipid phantoms are better 

candidate for tissue simulating polarization properties than polystyrene phantoms. 
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Chapter 5  

Quantitative correlation of light 
depolarization and transport albedos of 
different biological tissues 

 
5.1   Introduction 

Polarized light imaging provides improved visualization for different structures within 

biological tissues by enhancing the spatial resolution and contrast of the image by 

discriminating highly scattered photons from unscattered or weakly scattered photons, 

which cannot be achieved by conventional ordinary light [97-100]. It is widely used to 

characterize the biological tissues through their inherited properties, for example 

birefringence (which arises due to alignment of fibrous), orientation, optical activity 

and depolarization of light [40, 52, 101]. One of the major limitations in the 

implication of polarization based techniques is the effect of multiple scattering in 

optically thick samples of turbid media like biological tissues, which is responsible 

for randomization of photon direction, polarization property of light, and phase 

coherence. As a consequence of this, only fraction of light retains its polarization 

properties emerging from turbid media in particular detection geometry (forward or 

backscattering). Polarimetry is based on the measurements of surviving fraction of 

polarized light for quantification of particular polarization property of the sample. 

Therefore, studying depolarization of light by different biological tissues, and linking 

the depolarization to different tissue structures and pathology are of prime importance 

to many researchers. 

Keeping in mind the importance of topic, in this chapter we have examined the 

depolarization behavior of six different biological tissues in two different geometries. 

We present a comparative study, relating the depolarization of light in bulk tissues to 

their optical properties (reduced scattering and absorption coefficients) measured at 

635 nm. We have imaged six different porcine tissue samples (2 mm and 1 cm thick 

samples were used); namely liver, kidney cortex, myocardium, loin muscle, tendon 

and brain, in transmission and backscattering geometries by using polarized light. We 
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calculated Mueller matrices and derived depolarization rates (includes total, linear and 

circular) via polar decomposition for both detection geometries and sample thickness. 

At the end we have quantified the correlation between depolarization properties (total, 

liner and circular) of different biological tissues to their transport albedos. 

5.2   Results and discussion 

In this study, we have focused our attentions to correlate the depolarization properties 

of variety of biological tissues to their optical properties. In Table 5.1 measured 

optical properties of different porcine biological tissues are listed at 635 nm 

wavelength. The reduced scattering coefficient denoted by (
'

s ), is a measure of the 

amount of photons diffusion in tissue.  It is associated with the scattering coefficient (

s ), and anisotropy factor (g) by the following relationship (
' (1 )s sg   ). Another 

important factor we have used in this study is transport albedo (
'a ), which is 

dimensionless quantity and demonstrates the ratio of scattering probability to total 

attenuation probability, defined by the following equation (
' ' '

s s aa     ). The 

provided optical properties in Table 5.1 will not only be helpful for interpretation of 

depolarization trends observed in this experiment but also contribute much to tissue 

optics [89, 102]. 

In this work we have used polarized light imaging technique, which allow for 

visualization of minor spatial details containing polarization metrics derived from 

Mueller matrix decomposition. We have imaged six different porcine tissue samples 

(liver, kidney cortex, myocardium, loin muscle, tendon and brain) in transmission and 

backscattering geometries. With the combination of 24 different images (combination 

of 4 input and 6 output polarizations), Mueller matrices were calculated for each 

sample as discussed in chapter 3. Fig. 5.1demonstrate spatial maps of total (∆T), linear 

(∆L) and circular (∆C) depolarization rates for porcine liver tissue. Similarly Fig. 5.2- 

5.6 depict spatial maps of total (∆T), linear (∆L) and circular (∆C) depolarization rates 

for porcine kidney cortex, myocardium muscle, loin muscle, tendon and brain samples 

respectively. Maximum error of ± 1.5 % is noted among five measurements over all 

the pixels for each depolarization image, which is representative of noise level and 

uncertainty in the derived polarization properties in our experimental setup. To render 

quantitative examination and inter-tissue comparison, we have taken the data from 0.1 



72 

 

cm central strip from each depolarization image along y-axes and averaged it, which 

is then plotted along x-direction as shown in Fig. 5.4. 

Table 5. 1 Measured optical properties of several porcine tissues at 635 nm 

 

Tissues 

Reduced 

scattering 

coefficient (cm
-1

) 

(
'

s ) 

Absorption 

coefficient (cm
-1

) 

( a ) 

Transport albedo 

(
'a ) 

Liver 6.9  0.110 4.1  0.115 0.620 

Kidney Cortex 6.07 ± 0.100 1.22 ± 0.20 0.832 

Myocardium 8.22 ± 0.481 1.62 ± 0.350 0.835 

Loin Muscle 4 ± 0.071 0.37 ± 0.040 0.910 

Tendon 11.27 ± 0.485 0.26 ± 0.100 0.974 

Brain 13.5  0.542 0.35  0.180 0.977 

 

 

Several salient features are visually evident from depolarization images shown in Fig. 

5.1-5.6. It is observed that circular depolarization is higher than linear depolarization 

in both backscattering and transmission mode, as well as for both 2 mm and 1 cm 

thick samples for all six types of different porcine tissues used in this study. In other 

words, linear polarization states were observed to be better maintained as compared to 

circular polarization states in all tissue types, which elucidate that Rayleigh scattering 

is dominant regime for these tissues irrespective of detection geometry and tissues 

sample thickness. When comparing total depolarization rates for 2 mm thick samples 

in transmission and backscattering mode, it is observed that all tissue samples 

depolarize light less in transmission geometry than the backscattering geometry, 

expect brain and tendon tissue samples for which opposite trend was observed. It can 

be concluded that comparison of panels in Fig. 5.7 (a), (b) and (c), reveals an 

interesting result that all tissue samples depolarize light (total, linear and circular 

depolarization) less in transmission geometry except brain and tendon. For thick 
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tissue samples (1 cm thickness) depolarization was observed to dominate over all 

other depolarization trends observed for all types of tissues in backscattering detection 

mode. Particular for transmission geometry, brain and tendon tissue samples fully 

depolarize the light (greater than 98.5 %), in which essentially all the polarization 

information is lost even for relatively thin samples of 2 mm thick, while they preserve 

better polarization in backscattering geometry. Any polarization metric measured in 

case of highly depolarizing medium (∆T > 90 %) is not reliable and lie in the noise 

level of system, therefore transmission geometry is not suitable for brain and tendon 

polarimetry. On the basis of above results it is concluded that tissue polarimetry 

would be restrained when either tissue optical properties or physical thickness of the 

tissues increases sufficiently high. Hence due to high depolarization, results for brain 

and tendon are not included in Fig. 5.7 (a). 

From Table 5.1, it can be noted that measured transport albedos for brain and tendon 

are higher than 0.97 which causes such extensive loss of polarization in them. Such 

high transport albedos of the medium implies numerous multiple scattering events on 

passing the light through it, where photons suffer variety of long zigzag paths and not 

able to maintain the polarization behavior effectively [103, 104]. Beside high 

transport albedo, anisotropy factor “g” varies in the range of 0.9-0.99 and has forward 

peak for biological tissues [85]. We tend to explain better preservation of polarization 

in backscattering mode as compared to transmission mode on the basis of two factors, 

namely transport albedo (
'a ) and anisotropy factor (g). Forward peaked anisotropy 

factor and high transport albedo signifies that photons experienced extensive 

scattering events and traveled long zigzag paths in transmission geometry. While in 

backscattering geometry the photons experienced inconsiderably less scattering events 

and have suffered shorter path lengths. In fact, for such high scattering medium most 

photons are sampled to scatter from near surface layers, which are recently verified by 

using Monte Carlo modeling [46, 104]. Due to aforementioned reasons, we have 

observed that brain and tendon tissue samples depolarize the light less in 

backscattering as compared to forward detection geometry. 
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Fig. 5. 1 Depolarization maps of porcine liver tissue. The columns indicate the total, linear, 

and circular depolarizations, and the rows indicate the different detection geometries and 

sample thickness. The x and y axes indicate the length and width, respectively. The color bar 

indicates depolarization levels as specified on the percent scale, where dark blue signifies 

regions where light remains most polarized and deep red indicates regions where light has lost 

most of its polarization 
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Fig. 5. 2  Depolarization maps of porcine kidney cortex. Other details about figure are same, 

as mentioned in Fig. 5.1 

  



76 

 

 

 

 

 

 

 

 

 

 

Fig. 5. 3 Depolarization maps of porcine myocardium muscle. Other details about figure are 

same, as mentioned in Fig. 5.1 
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Fig. 5. 4 Depolarization maps of porcine loin muscle. Other details about figure are same, as 

mentioned in Fig. 5.1 
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Fig. 5. 5 Depolarization maps of porcine tendon. Other details about figure are same, as 

mentioned in Fig. 5.1 
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Fig. 5. 6 Depolarization maps of porcine brain tissue. Other details about figure are same, as 

mentioned in Fig. 5.1 
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By careful analysis of Fig. 5.7, we can establish a general tendency in total 

depolarization for different tissue. While comparing total depolarization of all the 

tissues, it is noted that liver tissue samples offer minimum depolarization, whereas 

tendon appears to offer maximum total depolarization among all tissue types for all 

kind of detection geometries and thickness of samples. We can categories the tissues 

on the basis of increasing depolarization trends as liver, kidney cortex, loin muscle, 

brain, myocardium and tendon. One can establish a correlation between transport 

albedo of tissues and total depolarization trends for complement tissue types, by 

comparing Fig. 5.7 and Table 5.1. 

 

 

 

 

Fig. 5. 7 (a) Total depolarization in transmission mode for the 2mm samples, (b) Total 

depolarization in backscattering mode for 2mm samples, (c) Total depolarization in 

backscattering mode for 1 cm samples. Brain and tendon are not shown in (a) because they 

exhibit total depolarization greater than 98.5% in transmission mode, which is in the range of 

the system noise level 
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To explore the existing correlation between depolarization and transport albedo of all 

tissue types further, we have plotted minima’s of total (∆T), linear (∆L) and circular 

(∆C) depolarization trends (taken from Fig. 5.7) against transport albedo (
'a ) (taken 

values from Table 5.1) in Fig. 5.8. In case of transmission geometry, we have not 

shown data for brain and tendon in Fig. 5.8, because of high depolarization rates 

~>98.5 % as discussed previously. Careful examination of Fig. 5.7 manifests that 

biological tissues having larger transport albedos generally offers more depolarization 

to light, irrespective of any detection geometry (transmission and backscattering), 

tissue types or sample thickness. In order to quantify the correlation between 

depolarization rates and transport albedos of tissues, we have used the correlation 

coefficient denoted by “r”. The Pearson product-moment correlation coefficient 

which is linear correlation between two variables is used to calculate r, given by the 

following equation 

2 2( )( ) ( ) ( )i i i i i ir X X Y Y X X Y Y      , 

where “r” represents the correlation coefficient, “i” is number of tissue, X and Y 

being transport albedo and depolarization rates with X , Y  being their average values 

respectively. Correlation coefficient (r) for each graph is shown in Fig. 5.8. Liver, 

kidney cortex and brain falls in isotropic tissue category; while loin muscle, 

myocardium and tendon are anisotropic in nature. Both isotropic and anisotropic 

tissue kinds are included in the calculation of correlation coefficient presented in Fig. 

5.8. It elucidate an interesting trend further that for comparable tissue transport 

albedos, the depolarization rates were observed to be higher for anisotropic tissues as 

compared to isotropic tissues. For example, myocardium muscle and kidney cortex 

have comparably same transport albedo (0.832 and 0.835 from Table 5.1), but still 

myocardium exhibit higher depolarization rates (∆T, ∆L and ∆C) as compared to 

kidney cortex in all detection geometries and sample thickness. Similarly, when we 

compare depolarization trends of tendon and brain having comparable transport 

albedos, it is noted that tendon demonstrates higher depolarization over brain. 

Furthermore, loin muscle exhibit almost similar depolarization trends (∆T and ∆L) as 

brain, despite differences in the transport albedo. 

Reason for the observed differences in depolarization rates could possibly originate 

from the intrinsic tissue anisotropy manifested by different tissues. It is understood 

that myocardium muscle tissue and tendon are highly anisotropic as compared to all 
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other tissues, while lion muscle tissue is also anisotropic but is lesser in extent [26]. 

Therefore underlying birefringence causing tissue anisotropy might as well contribute 

to high depolarization rates, beside the effect of transport albedo which invoke the 

depolarization in the anisotropic tissues under investigation. Specifically there are 

micro-domains in anisotropic tissues where birefringence and its orientation are 

aligned. These micro-domains may be spatially inhomogeneous and changes in 

different regions of tissues [60, 105, 106], which are responsible for randomization of 

the polarized light further and therefore the depolarization rates for anisotropic tissues 

observed to be higher than the isotropic tissues for comparable transport albedos. On 

the above discussion we conclude that tissue anisotropy is another candidate for 

depolarization of light along with the transport albedo for tissues used in this study.  

From Fig. 5.7, another remarkable obvious trend is the preferential preservation of 

linear polarized states over the circular polarized states (i.e. ∆L < ∆C), which hold true 

for both detection geometries and any sample thickness. Interestingly, the values of 

correlation coefficient (r) are noted to be higher for linear depolarization as compared 

to circular depolarization rates shown in Fig. 5.8. Dominancy of circular 

depolarization over the linear depolarization is usually related with the Rayleigh 

scattering regime, while biological tissues are perceived often to behave Mie 

scattering. Thus, categorizing the suitable scattering regime for biological tissues is 

still confounded. Biological tissues are comprised of large size scatterers; for example 

cells, nucleus, mitochondria, lysosomes, ribosomes and various organelles falls in the 

Mie scattering regime with forward-peaked scattering (high values of g). On the other 

hand extracellular matrix elements such as collagen fibrils and particles inside the 

nucleus falls in the Rayleigh scattering [26]. Previously, it is observed that Rayleigh 

scattering dominates the Mie scattering in phantoms containing combination of the 

small and large size scatterers [45, 107]. Similarly in another study, it is shown that 

small organelles contribute severely to the scattering within cells based on simulation 

results [107]. Therefore considering only size of scatterers, one would expect 

Rayleigh-like scattering dominancy in tissues. 
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Fig. 5. 8 Depolarization of tissue samples plotted versus their transport albedo. Liver is 

indicated by L; kidney, myocardium muscle, loin muscle, brain and tendon are indicated by 

K, M, H, B and T respectively.  a), b) and c) show total, linear and circular depolarizations, 

respectively, in transmission mode for the 2mm thick samples. d), e) and f) show total, linear 

and circular  depolarizations in backscattering mode for the 2mm thick samples. g),h)  and i) 

show total ,linear and circular depolarization for the 1cm thick samples. Note that brain and 

tendon are not shown in a), b) and c), because they exhibit extremely high depolarization 

(greater than 98.5%) 
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Relative refractive index is another important determination factor in this regard. 

Previously, it was studied that in phantoms consists of large scatterer’s size and high 

anisotropy factor “g” but having low relative refractive index between scatterers and 

ground medium, scattering falls in Rayleigh scattering regime (∆L < ∆C) and does not 

ensure the Mie scattering [44]. In the light of above discussion (chapter 4 discussed it 

in more detail) we concluded that scatterer’s size and relative refractive index contrast 

both plays important role in the determination of dominant scattering regimes. 

Although we have observed that circular depolarization is higher than linear 

depolarization in biological tissues indicative of Rayleigh scattering, but still the exact 

scattering mechanism is not clear due to complex nature of scattering in tissues. 

Therefore the complicated nature of scattering in biological tissues is likely to be 

contributed by both large and small scatterers, low relative refractive index and high 

anisotropy factor, and compactness of the scatterers in tissues (correlated scattering). 

It is worth mentioning that our reported results are based on the depolarization metrics 

derived from the polar decomposition of Mueller matrices calculated for biological 

tissues. While other studies are based on the degree of linear and circular polarizations 

derived from Stokes vector. The depolarization properties derived from 

decomposition of Mueller matrix point to the same property excluding all other 

polarization effects in it while degree of polarization based on Stokes vector also 

include other polarization effects. Regardless of these differences, both approaches 

confirm the dominancy of circular depolarization over linear depolarization for 

biological tissues. 

5.3   Summary 

In this chapter we have established quantitative correlation between light 

depolarization and transport albedos of six different freshly excised porcine tissues 

(liver, kidney cortex, loin muscle, myocardium, brain and tendon). Polarized light 

imaging was used to image each tissue sample (2 mm and 1 cm thickness) in two 

different geometries i.e. transmission and backscattering geometries. Based on these 

images Mueller matrices were calculated, then via polar decomposition total, linear 

and circular depolarization rates were extracted. We have used both transmission and 

backscattering geometries to image 2mm and 1 cm thick biological tissue slabs. It was 

observed that depolarization rates increase linearly with transport albedos of tissues 
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i.e. linear correlation exists between them which was quantified by correlation 

coefficient (r) for both detection geometries and sample thickness. We have explored 

that, highly anisotropic tissues (myocardium and tendon) exhibited higher 

depolarization rates as compared to isotropic tissues (kidney cortex and brain) for 

comparable transport albedos (
'a ). The spatially inhomogeneity underlying 

birefringence micro-domains in highly anisotropic tissues randomize the polarized 

light further besides the multiple scattering. For all type of tissues and detection 

geometries, preferential preservation of linear polarized states over circular polarized 

states was observed and was explained on the basis of scatterer’s size and relative 

refractive index contrast. Finally, tissues having high transport albedo (brain and 

tendon) offer very high depolarization in transmission geometry as compared to 

backscattering mode even for 2 mm sample thickness, therefore we conclude that 

tissue polarimetry would be restrained when either tissue optical properties or 

physical thickness of the tissues increases sufficiently high. These results will be very 

helpful to assist the design of experiments based on polarized light imaging to account 

sample thickness and optical properties. 
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Chapter 6  

Ex vivo assessment of hepatic injuries by 
using polarized light spectroscopy 

 
 

6.1   Introduction 

Liver is very important organ in the body playing different important roles to 

regularize the performance of the body. Its functions include protein synthesis, 

detoxification of dangerous chemicals and production of different biochemicals, due 

to the reason it is susceptible to different hepatotoxins. Therefore, the function of liver 

is strongly affected by different medicines, natural and synthetic chemicals 

responsible for different liver diseases [108]. These liver diseases lead to cirrhosis, 

hepatic fibrosis and ends up with hepatocellular carcinoma. Carbon tetrachloride 

(CCl4) is one of the dangerous hepatotoxin causing rapid liver damage results in the 

progression of steatosis to necrosis. Therefore, it is widely used for study of liver 

damages and the treatments [109-112].  

Different experimental techniques have been developed for the assessment of liver 

diseases and their status of severity. Commonly, these techniques include proton MR 

spectroscopy, Raman spectroscopy, magnetic resonance imaging (MRI), biosensing, 

computed tomography and metabonomics [113-118]. The evaluation of accurate stage 

of hepatic injuries and high cost of experimental instruments along with sophistication 

are the major limitations hindering aforementioned techniques. Liver biopsy is still 

considered a standard and reliable diagnostic method for assessment of liver diseases, 

but necroinflammation, localization of affected part and discomfort to patient are the 

main drawbacks of this technique. Therefore, a cost effective, efficient, reliable and 

noninvasive method is needed to be developed for assessment of liver diseases.  

Optical diagnostics of biological tissues has gained much attention in recent years 

because of its noninvasive nature. Number of optical techniques based on polarized 

light for diagnostics purpose and imaging of biological tissues has been developed 

[119-121]. Scattering of polarized light contains much information about the 
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morphology, function and structure of different biological tissues and may exploited 

as a potential noninvasive diagnostics tool. Particularly, polarized light can reveal 

information about size of scatterer, density, shape, relative refractive index of 

different scatterers within cells and structural anisotropy of biological tissues [23, 24, 

117, 122]. Several researchers have employed polarized light for diagnostics and 

tissue characterization; particularly we are interested in the Mueller matrix analysis of 

tissues. 

Mueller matrix analysis has been utilized for diagnostics of cancer in oral cavity and 

breast tissues. Total retardance and linear depolarization rates were observed to be 

higher for normal tissues as compared to cancerous tissue of oral cavity, while in 

breast tissue opposite trend was observed [122]. Antonelli et al. have used Mueller 

matrix imaging analysis recently for diagnostic of cancer in human colon tissue, and 

observed higher depolarization of light in normal colon tissue as compared to 

cancerous tissue [21]. Furthermore, premalignant lesions in human colon tissues have 

been diagnosed by the sensitivity of degree of linear polarization (DOLP) to 

precancerous stages of it [32]. Polarized light has been used in confocal microscopic 

imaging technique for enhancement of contrast in images done for human skin and 

scalp hair [123].  

In this study, Mueller matrix spectro-polarimetry for transmission mode and polar 

decomposition method has been employed for the assessment of different liver 

injuries. We have performed the ex vivo measurements by Mueller matrix spectro-

polarimeter for liver samples injured by different doses of CCl4 in visible spectral 

range. The extracted polarization properties via polar decomposition method like 

linear retardance, depolarization rates in conjugation with diagonal Mueller matrix 

elements serve as a marker for differentiating the severity of liver injuries. 

6.2   Results and discussion 

In this study, different liver injuries were induced by carbon tetrachloride (CCl4) in 

Wister rats. We have formed three groups each containing five rates in it. One group 

was kept normal (i.e. no dose of CCl4 given), while remaining two groups were given 

0.4 and 1.0 ml/kg doses of CCl4 respectively, through intraperitoneal injections. Thin 

sections of liver tissues (7 μm thickness and 6 x 6 mm
2 

lateral dimensions) were 

prepared by microtome machine. Moreover, these thin sections were used further for 

preparation of histopathology glass slides coated with gelatin for experimental 
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studies. Further, detail on samples preparation is provided in chapter 3. Mueller 

matrix spectro-polarimeter (MMSP) was used to record Mueller matrices for all 

samples in the spectral range of 400-800 nm. Afterwards, polar decomposition [70] 

method was used for extraction of individual polarization properties from measured 

Mueller matrices for each liver sample. 

 

 

 

Fig. 6. 1 Mean values of (a) Total diattenuation, (b) linear retardance and (c) circular 

retardance for normal and injured liver samples in the spectral range of 400-800 nm, with 1.5 

% maximum error in linear retardance 

 

Linear, circular retardance and total diattenuation spectrums for normal and different 

injured liver samples are depicted in Fig. 6.1. Error bars show that 1.5 % maximum 

error is found in calculation of linear retardance, while for total diattenuation and 

circular retardance error bars are not included because their values for different 

samples are close enough to fall within error bars. Normal liver samples exhibit small 

amount of linear retardance (Fig. 6.1 (b)) which apparently shows little organization 

of fibrils in it, although normal liver tissue behavior is considered to be isotropic in 

nature. Our results show that, lower liver injuries (0.4 ml/kg of CCl4) demonstrated 

high linear retardance as compared to normal liver tissues whereas higher injuries (1.0 
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ml/kg of CCl4) correspond to almost no retardance. It has been observed that carbon 

tetrachloride (CCl4) causes lipid per-oxidation and initiate cell membrane damage 

resulted in liver fibrosis [124, 125]. Therefore observed high linear retardance for 

lower liver injuries is due to the proliferation of fibroses in liver tissue samples 

resulted in the enhancement of retardance as compared to normal liver samples [126]. 

Whereas, higher liver injuries destroy all kind of liver tissue organizations, hence 

resulted in almost no retardance. Moreover, all the samples under investigation offer 

almost no circular retardance as shown in Fig. 6.1 (c). 

Comparison of total, linear and circular depolarizations (∆T, ∆L and ∆C) are illustrated 

in Fig. 6.2, over the visible spectral range of 400-800 nm for normal and different 

severity of injured liver samples. Depolarization values in Fig. 6.2 represent the mean 

values taken over five samples in each group. We have observed that normal liver 

samples exhibit significantly higher total, linear and circular depolarizations as 

compared to injured liver tissues samples. Moreover, different trends observed in 

depolarizations for normal and injured liver samples are doses dependent of CCl4 at 

any particular wavelength. 

For better comprehension of results, we have illustrated the depolarization trends 

including total (∆T), linear (∆L) and circular (∆C) depolarizations further in histogram 

representation shown in Fig. 6.3, for selected four different wavelengths. Error bars 

are also shown for each bar graph averaged over five measurements with maximum 

uncertainty of ±1.3 %. Comparison of depolarization trends in Fig. 6.3 reveals 

reduction of depolarization as severity of liver injuries (dose of CCl4) increased. 

Normal liver tissue exhibit high depolarization, which falls for lower injured (0.4 

ml/kg of CCl4) samples followed by more reduction in depolarization for higher 

injuries (1.0 ml/kg of CCl4). 

Overall, comparison of total (∆T), linear (∆L) and circular (∆C) depolarizations for 

normal and injured liver samples unveiled many interesting and fruitful trends; (i) 

depolarization trends for all samples were observed to fall abruptly in the spectral 

range 400-500 nm, whereas these trends fall slower at higher wavelengths afterwards 

(this abrupt fall in depolarization is exhibited because of abrupt decrease in the 

scattering coefficient of rat liver tissue in the afore mentioned spectral range [127]); 

(ii) normal liver tissue samples exhibit significantly higher total (∆T), linear (∆L) and 

circular (∆C) depolarizations as compared to liver injured samples; (iii) higher severe 

injured liver samples offers very low depolarization rates over the investigated 
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wavelength; (iv) preferential retention of linear polarization states over circular 

polarization states were observed for all kind of samples over entire wavelength 

range; (v) depolarizations were observed to be sensitive to the severity of liver injuries 

and dependent linearly on the dose concentrations of CCl4 as shown in Fig. 6.4. 

For better demonstration regarding the dependence of different depolarizations on the 

dose concentrations of carbon tetrachloride (CCl4), in Fig. 6.4 we have plotted total 

(∆T), linear (∆L) and circular (∆C) depolarizations as function CCl4 dose concentration 

for particular wavelengths. It is obvious from figure that total, linear and circular 

depolarizations follow linearly decreasing trends with increasing CCl4 dose 

concentrations. 

Mueller matrix elements also have direct polarization signatures and contain wealth of 

information about the polarimetric behavior of samples. Comparison of, diagonal 

Mueller matrix elements for normal and injured liver samples at four particular 

wavelengths is provided in Table 6.1. It is evident from table, that numerical values of 

diagonal Mueller matrix elements for injured liver samples are greater than the normal 

liver samples. Furthermore, lower liver injuries (0.4 ml/kg of CCl4) correspond to 

higher numerical values of diagonal Mueller matrix elements as compared to higher 

injuries (1.0 ml/kg of CCl4). Moreover, we have observed that m44 > m22 & m33 for all 

samples used in this study illustrating the dominancy of preferential retention of linear 

polarized states over circular states. An increasing tendency of diagonal Mueller 

matrix elements with the severity of liver injuries and hence CCl4 doses is also 

evident from table. Depolarization of light depends upon number of different factors 

e.g. tissue structure along with properties of scatters in it, detection geometry and 

wavelength of incident light. We will focus our discussion on the comparison of our 

depolarization results for normal and injured liver samples on the basis of tissue 

structure, interaction of CCl4 with cellular and sub-cellular level. 
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Fig. 6. 2 Comparison of percentage (a) total depolarization, (b) linear depolarization and (c) 

circular depolarizations for normal and CCl4 infected rat liver tissues samples in the spectral 

range of 400-800 nm 

 

 

 

Fig. 6. 3 Comparison of total ( T ), linear ( L ) and circular ( C ) depolarization rates 

extracted via polar decomposition of Mueller matrix, of control and infected rat liver tissue at 

(a) 500 nm  (b) 550 nm  (c) 600 nm   (d) 650 nm   
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Fig. 6. 4 This emphasis linear dependence of total, linear and circular depolarization’s over 

investigated doses of CCl4 at (a) 450 nm  (b) 550 nm  (c) 650 nm   (d)

750 nm  with horizontal axis indicating different values of doses of CCl4 

 

For better comprehension of different dose effects of CCl4 on liver tissue samples and 

correlation of depolarizations with severity of injuries, microscopic images for normal 

and injured liver samples by CCl4 are shown in Fig. 6.5. It can be observed from 

figure that higher doses of CCl4 results in the induction of correspondingly higher 

necrosis. The repeated administration of CCl4 has been reported to enhance lipid per-

oxidation and reduces antioxidant level of enzymes. Chemical action of CCl4 with cell 

membrane creates highly reactive peroxy-radicals initiating damage to cell membrane 

resulted in cirrhosis and fibrosis of liver tissue [124]. Furthermore, lipid per-oxidation 

has been proposed a link between liver fibrosis and severity of injury [125]. Exposure 

of liver tissue to CCl4 may also result in swelling of hepatic cells, as is obvious from 

the figure while moving from lower CCl4 dose towards higher. Morphology of normal 

liver cells over tissue and around portal triads is shown in Fig. 6.5 (a). Administration 

of CCl4 dose (0.4 ml/kg) resulted in the necrosis of liver tissue which is more 

extensive around the portal triads as evident in Fig. 6.5 (b). Moreover, Fig. 6.5 (c) 

shows proliferation of necrosis further, when concentration of CCl4 (1.0 ml/kg) is 
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increased more. In short we conclude that CCl4 toxicity may result in liver necrosis 

and apoptosis leading to cell death [114, 115]. 

 

Table 6. 1 Numerical values of normalized diagonal Mueller matrix elements for different 

samples used in this study at four different wavelengths 

 

Wavelength 

 (nm) 
450 550 650 750 

 

Normal 

 

m22 0.7569 0.8418 0.8531 0.9056 

m33 0.7449 0.8238 0.8292 0.9251 

m44 0.6892 0.7584 0.7824 0.9051 

0.4 ml/kg of 

CCl4 

injury 

m22 0.8421 0.8943 0.8962 0.9104 

m33 0.8225 0.8955 0.9001 0.9272 

m44 0.7475 0.8296 0.8721 0.8921 

1.0 ml/kg of 

CCl4 

injury 

m22 0.9815 0.9938 0.9910 0.9866 

m33 0.9833 0.9925 0.9897 0.9858 

m44 0.9763 0.9821 0.9846 0.9822 

 

 

 

 

Fig. 6. 5 Microscopic images with magnification of 20, for (a) normal liver sample, (b) 

infected with 0.4 ml/kg of CCl4 and (c) injured with 1.00 ml/kg of CCl4 
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It has been established in our recent work that tissues having higher transport albedos 

exhibit generally more depolarization in comparison with the tissues having lower 

transport albedo both in forward and backward geometries [89]. Chemical action of 

CCl4 with tissue causes cells death and resulted in the reduction of cells density which 

might lower transport albedo of liver tissue samples and hence depolarization of light. 

The plausible explanation of the sample’s low depolarization rates at higher 

concentration i.e. 1.0 ml/kg is the death of liver cells up to such extent that reduces 

the transport albedo, as a result major portion of incident light passes through the 

sample without any interaction. Although, dependency of transport albedo and 

depolarizations on wavelength is according to literature (decreases as a function of 

wavelength), however, the wavelength dependence of the depolarization at higher 

CCl4 concentration is negligible due to reduced transport albedo resulted in lesser 

scattering events.  

Other important factor along with the transport albedo is the relative refractive index 

of different scatterers in liver tissue cells. It is also responsible for the observed 

differences in light depolarization in addition to the cell death due to the toxic effects 

of CCl4. The strong dependence of circular depolarization as compared to linear 

depolarization on relative refractive index of scatterers has been reported [43]. 

Furthermore, it has been observed that scatterers having larger size than the incident 

wavelength of light and high anisotropy factor (g), but relatively small refractive 

index still do not fall in Mie scattering regime [45]. Due to some tolerance of 

hepatocytes to the toxic action of CCl4 at lower concentrations, the cells appear to be 

large with vacuolated and clumped cytoplasm [113]. Therefore, we conclude that 

CCl4 might be responsible for the change in relative refractive index between the 

intracellular matrix and different scattering organelles of cells. It is highly expected 

that the difference in our results more particularly among the total (∆T), linear (∆L) 

and circular (∆C) depolarization in Fig. 6.2 & 6.3 (for normal and 0.4 ml/kg CCl4 

incubated samples)are due to change in relative refractive index along with the cell 

death. 

We have observed that linear polarized light better maintained as compared to circular 

polarization, which shows Rayleigh-like scattering for all liver tissue samples as 

shown in Figs. 6.2 & 6.3. Light scattering by biological tissues is very complex 

phenomena and identification of dominant scattering regime id difficult. In spite, 

dominancy of circular depolarization over linear has been reported (we have observed 
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same trends) for different detection geometries and porcine tissues, identifying the 

Rayleigh scattering [89]. Conventionally scattering from biological tissues (liver) is 

expected to fall in the Mie regime, because most of scatterers with in biological 

tissues (mitochondria, nucleus, hepatocytes, lysosomes etc.) are in Mie regime. 

Whereas extracellular matrix, collagen fibrils, ribosomes and cell nucleus material 

support Rayleigh-like scattering. Small organelles are noted to contribute heavily to 

scattering of light, while phantoms with mixed larger and smaller scatters has been 

also noted to contribute scattering was by dominant by small particles [107, 128]. We 

conclude on the basis of aforementioned discussion that size of scatterers and relative 

refractive index are responsible for the observed differences in depolarization.     

6.3   Summary 

In this chapter, we have employed polarized light in transmission geometry for 

severity assessment of liver injuries induced by different doses of carbon tetrachloride 

(CCl4) in visible spectral range 400-800 nm. Polarized light spectroscopy based on 

Mueller matrix analysis was successful in the discrimination of severance of liver 

injuries induced by various doses (0.0, 0.4 and 1.0 ml/kg) of CCl4. Linear retardance; 

total, linear and circular depolarization along with the diagonal Mueller matrix 

elements were successfully found as distinguishing criterion to assess the severity of 

liver injuries. Our results show that, lower liver injuries (0.4 ml/kg of CCl4) 

correspond to higher linear retardance as compared to normal liver samples. While on 

the other hand higher injured liver samples (1 ml/kg of CCl4) offer almost no 

retardance. Likely cause of these differences are proliferation of fibrosis at lower 

injuries of liver resulted in the enhancement of linear retardance over normal liver 

samples, whereas higher doses of carbon tetrachloride damage the liver tissue up to 

the extent where no organization of tissue could survive indicative of almost no 

retardance. Furthermore, our results indicate that total-, linear- and circular-

depolarization rates decreases with the severity of liver injuries and follow a 

decreasing linear dependence with the increased concentration of CCl4. Linear 

polarization states were observed to be better maintained as compared to circular 

polarized light. Moreover, diagonal elements of Mueller matrices yielded higher 

numerical vales for injured liver samples as compared to normal samples and found 

sensitive to severity of injuries. Most likely causes include change of transport albedo 

and relative refractive index of extracellular matrix. 
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Chapter 7  

Conclusions and future perspectives 

 
This final chapter is dedicated to the conclusions of thesis drawn on the basis of 

current research work including overall achievements and extension of this work for 

future perspectives is also identified and discussed.  

7.1   Polarization properties of liver and optically matched 

phantoms 

In this study we have used polarized light imaging to characterize the polarimetric 

behavior of the porcine liver and common tissue phantoms, having same optical 

properties. We have measured the optical properties (absorption-, reduced scattering-

coefficient and anisotropy factor) of porcine liver and then fabricated the tissue 

phantoms based on intralipid (IL phantom) and polystyrene micro-spheres (PS 

phantoms) with liver-matched bulk optical properties, followed by experimental 

measurements for confirmation of matched optical properties. Polarization imaging in 

backscattering was used to measure Mueller matrices of 1cm-thick samples; including 

porcine liver tissue, IL phantoms and polystyrene sphere based phantoms. Mueller 

matrices were calculated by using 24 raw images acquired for each sample, which 

was then decomposed via polar decomposition method to extract individual 

polarimetric properties. 

Significant polarimetric differences were observed between porcine liver tissue and 

all phantoms used in this study. Contrary to previously reported results for 

transmission geometry, our results shows that phantoms are more depolarizing than 

the liver tissue which are particulate to backscattering geometry. We have observed 

that, generally the depolarization rates of IL phantoms well approximated the 

polarimetric properties of porcine liver tissue as compared to other PS phantoms. 

Furthermore, linear polarization states were observed to exhibit better retention than 

the circular polarization states for both liver tissue and IL phantoms while for all PS 

phantoms vise versa. Our results also show that PS3 phantoms with scattering 

coefficient matched ( s ) exhibit considerably closer polarimetric metrics with 
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porcine liver tissue compared to PS1 and PS2 phantoms which are reduced scattering 

coefficient matched (
'

s ) although this polarimetric behavior of PS3 phantoms is not 

good as much as IL phantoms does. IL phantoms and liver samples fall in same 

category of Rayleigh-Gans scattering regime, different from all PS phantoms that falls 

in Mie scattering regime. These finding are qualitatively consistent with the Rayleigh-

Gans and Mie scattering regimes, with their associated differences in the single-

scattering phase functions. Overall, we conclude that matched bulk optical properties 

of phantoms with tissues does not guarantee similar polarization properties, and 

further intralipid phantoms are better candidate for tissue simulating polarization 

properties than polystyrene phantoms. 

7.2   Correlation between light depolarization and transport 

albedo of tissues 

In this study we have established a quantitative correlation between the light 

depolarization and optical properties (transport albedo) of variety of six different bulk 

porcine tissues, including isotropic (liver, kidney and brain) and anisotropic 

(myocardium, lion muscle and tendon) tissues. Prior to polarization imaging, optical 

properties ( a , 
'

s  and 
'a ) of each tissue were measured. Polarized light imaging 

was used to acquire 24 images of each tissue sample (2 mm and 1 cm thick tissue 

slabs) in forward and backscattering detection geometries. Mueller matrices analysis 

of acquired images and polar decomposition method were used to extract total, linear 

and circular depolarization rates, for all tissues and detection geometries.  

The existence of a linear correlation between light depolarization rates (∆T, ∆L and ∆C) 

transport albedos of variety of biological tissues was ascertained and quantified for 

kind of tissues under investigation and detection geometries. Furthermore, highly 

anisotropic tissues (myocardium and tendon) exhibited higher depolarization rates as 

compared to isotropic tissues (kidney cortex and brain) for comparable transport 

albedos (
'a ). In this case, tissue birefringence contributed to more randomization of 

polarized light over and above the multiple scattering effects. Preferential 

preservation of linear polarized states over circular polarized states was also observed 

for all type of biological tissues used in this study and any detection geometry. A 

tentative explanation invoking effective scatterer size and relative refractive index 

contrast was provided. Finally, tissues having high transport albedo (brain and 
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tendon) offer very high depolarization in transmission geometry as compared to 

backscattering mode even for 2 mm sample thickness. In fact, transmission detection 

geometry becomes untenable for polarimetry applications for even 2-mm samples of 

brain and tendon because of extensive polarization loss. Backscattering geometry 

should be preferred in this particular case. Detailed studies of depolarization behavior 

in various bulk animal tissues should help researchers understand the underlying 

biophysics of polarized light-tissue interactions, provide polarization properties of 

various tissue types that are generally unavailable in the literature, and assist in 

experimental design for polarized light imaging and for polarimetry-based tissue 

characterization studies. 

7.3   Ex vivo assessment of hepatic injury, using polarized 

light spectroscopy 

We have demonstrated experimentally the polarized light as a diagnostic tool. In this 

study the ex vivo severity assessment of different liver injuries induced by different 

doses of CCl4 has been performed by polarized light spectroscopy in visible range. 

Different liver injuries were induced by various concentrations (0.0, 0.4 and 1.0 

ml/kg) injected intraperitoneal to Wister rats and histopathological glass slides were 

prepared for study. Polarized light was successfully used to probe these injuries in the 

visible spectral range and transmission geometry. Mueller matrices were acquired at 

each wavelength, and then individual polarimetric properties were decoupled via 

polar decomposition method. 

Our results show that the linear retardance, light depolarization and diagonal Mueller 

matrix elements were found to be good candidates for distinguishing criterion among 

normal and different liver injuries. We have observed that lower injured liver samples 

(0.4 ml/kg of CCl4) shows higher linear retardance as compared to normal samples, 

while higher injuries (1.0 ml/kg of CCl4) corresponds to almost no retardance. The 

proliferation of fibroses in liver tissue samples at lower doses of CCl4 (0.4 ml/kg of 

CCl4) is likely to enhance the linear retardance as compared to the normal liver 

samples, while on the other hand higher doses of CCl4 damage the liver tissue so 

severely such that any kind of tissue organization vanishes resulting in almost no 

retardance. The dominancy of total, linear, and circular depolarization for normal liver 

samples as compared to CCl4 infected samples was evident. The linear behavior of 

depolarization rates with increased severity of liver injury was also observed. 
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Moreover, the preferential retention of linear polarized states over circular polarized 

states because of Rayleigh-like scattering was obvious for all the samples under 

investigation. Besides, diagonal Mueller matrix elements yield higher numerical 

values for infected samples as compared to normal, and were found to increase with 

CCl4 doses at each wavelength of interest.  Most likely causes for different 

depolarization rates and diagonal Mueller matrix elements, includes cell death, change 

of transport albedo and relative refractive index of extracellular matrix. 

7.4   Future perspectives 

The investigations in this dissertation were successfully presented the use of polarized 

light for the characterization of turbid media. Mueller matrix analysis provided a 

greater insight in explaining the difference between polarization properties of liver 

tissue and liver-matched tissue phantoms for same bulk optical properties, correlation 

of light depolarization with transport albedos of different tissues and the ex vivo 

assessment of liver injuries. These studies will be helpful for researchers in providing 

the better understanding of suitable phantoms designs, the underlying biophysics of 

polarized light-tissue interactions, provide polarization properties of various tissue 

types that are generally unavailable in the literature, and assist in experimental design 

for polarized light imaging and for polarimetry-based tissue characterization studies. 

Nevertheless, there is still a long way to implement the use of polarized light for many 

applications; particularly our focus lay in biomedical field which required dedication 

and continuous efforts. Therefore, we discuss the future guidelines, perspectives and 

ongoing projects in our lab below. 

The unique interpretation and quantification of intrinsic polarimetric properties 

occurring simultaneously when light advances in the material is required the 

development of suitable methodology. There are different decomposition 

methodologies based on sequentially occurring polarization phenomenon, which 

provides the equivalent polarization properties to any sample. Although polar 

decomposition method (we have used in this thesis) is used extensively for tissue 

polarimetry but unique interpretation of polarization properties still remain unclear 

due to noncommutative nature of matrix multiplication. Therefore we are working on 

the comparative study of different decomposition methods like polar, symmetric, 

pseudopolar and differential decomposition for variety of different samples, and will 

develop a suitable method. Furthermore, we also intend to fabricate phantoms 
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incorporating all kind biological tissue polarization properties which mimic the tissues 

well, and will test the suitable methodology for extraction of individual polarization 

properties. 

We are planning to link the Mueller matrix-derived depolarization and the optical 

transport parameters. The idea is to relate the radial variation of the depolarization 

coefficient with the optical transport parameters (namely, reduced scattering 

coefficient
' (1 )s s g   , scattering coefficient s , anisotropy parameter g, 

absorption coefficient a , and if required the composite effective attenuation 

coefficient). For this study we will use polarization sensitive Monte Carlo method and 

polarization imaging in backscattering geometry for different; scatterer’s sized 

microsphere phantoms, absorption coefficient and scattering coefficient. The ultimate 

goal of this study is to establish a methodology for deriving the optical properties 

from the polarization properties. 

Liver diseases such as hepatitis, cirrhosis and fibrosis or hepatocellular carcinoma are 

one of the major health problems in the world. Therefore timely diagnostic of such 

liver diseases and suitable treatment of them are of prime importance. We have used 

the polarized light spectroscopy successfully to probe severity of different liver 

injuries induced by CCl4. In future we will extend this ex vivo study to probe different 

liver injuries by polarized light, followed by monitoring the treatment of injured liver 

by hepatoprotective constituents of dodonaea viscosa plants.  

  



101 

 

Appendix 

 
 

A.1. Polarized light propagation through scattering medium 

This is based upon the reformulation of scattering theories discussed in ref [36]. 

Throughout our discussion, we will restrict our focus to only a particular case of 

scattering of plane waves by spherical, non-absorbing scatterers suspended in 

homogenous medium. Moreover, we will emphasis on single scattering of light which 

may occur at low concentrations of scatterers or for very thin scattering samples, and 

will not discuss multiple scattering process.    

This is based upon the reformulation of scattering theories discussed by H. C. van de 

Hulst in “light scattering by small particles” [36]. We consider single scattering event 

of polarized light by scattering particles having arbitrary size and shape. Scattering of 

waves in any direction can be describe by amplitude function A(θ,  ) of scattering 

particle. It is dimensionless and illustrates completely the scattered waves with respect 

to the incident waves; furthermore it depends upon the orientation of the scattering 

particle as well as scattering angles θ and   of the scattered waves. Generally 

amplitude function is complex in nature and can be written as 

              (A.1) 

where   is positive, and   phase of scattered wave is real number. 

The relationship between the incident wave and scattered wave by a particle can be 

written mathematically as 

  
   

   
    

    

    
 
          

     
 
    

    
  (A.2) 

where     to    be the elements of amplitude function       , k is wave number and 

nm represent the refractive index of the medium. Furthermore the signs    and   

symbolize the electric field component which are parallel and perpendicular to the 

scattering plane, Es and Ein are scattered and incident electric fields respectively. 

We consider the special case of scattering of waves by spherical particles. According 

to symmetry of the system for the spherical scattering particles both    and    

vanishes (   =    = 0), and occur two amplitude functions       and        only, 



102 

 

depending upon only scattering angle    and not on azimuthal angle  . Then matrix 

Eq. (A.2) for any arbitrary direction (    ) can be written as 

          
          

     
      (A.3a) 

          
          

     
      (A.3b) 

Furthermore for scattering of waves in forward direction i.e.    , we get both the 

amplitude functions    and    equal to each other (            . To obtain 

intensities of parallel and perpendicular components of polarization state of waves, we 

take square of modulus of Eqs. (A.3a) and (A.3b) and get, 

     
       

 

    
   

     (A.4a) 

     
       

 

    
   

      (A.4b) 

To parameterize size of the spherical scattering particle having radius as, we define 

size parameter                , here d is the diameter of scattering particle. 

Scattering efficiency factor can be define as 

    
 

  
         (A.5) 

A.2. Mie theory 

This subsection is reformulation of chapter 9 of book by H. C. van de Hulst in “light 

scattering by small particles” [36]. To understand the scattering of light waves by 

spherical homogenous scattering particles, we need the complete solution of 

Maxwell’s equations subjected to certain boundary conditions. Complete solution of 

Maxwell’s equation in spherical coordinate system comprises the Mie theory. It 

provides the complete information about the light waves propagating through the 

medium containing the spherical scattering particles. In order to get some prominent 

characteristics of Mie theory, we consider the Maxwell’s equations and solve them for 

scattering of light waves by spherical scatterers having arbitrary size as, refractive 

index ns suspended in homogeneous medium having refractive index nm. We define 

the relative refractive index (m) as the ratio of refractive index of spheres (ns) and the 

medium (nm) i.e.        . 

We consider the Maxwell’s equations given as 
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 (A.6a) 

                                                       
       

  
 (A.6b) 

where 

                                                              (A.7) 

Symbols representation is as follow; E = strength of electric field, H = strength of 

magnetic field, B = density of magnetic flux, D = dielectric displacement, J = current 

density, t = time,   = medium permeability, ε = medium’s dielectric constant,   = 

charge density and   = medium’s conductivity. In particularly mediums which have 

optical linear responses, we have   = 0,   = 0 and J = 0. In this case Eqs. (A.6a) and 

(A.6b) can be rewritten as following 

                                      
       

  
 (A.8a) 

                                    
       

  
 (A.8b) 

taking curl of Eqs. (A.8a,b) and by simple substitutions, we can express electric and 

magnetic fields separately by vector wave equation as, 

            
        

   
   (A.9a) 

             
        

   
    (A.9b) 

We consider a particular case in which a plane wave is propagating along positive z-

axis. Let point P in space having rectangular coordinates (x, y, z) which can be related 

with its spherical coordinates (r,  ) as, 

                                 (A.10) 

The scalar wave equation is given as 

              
          (A.11) 

The scalar wave equation is separable in spherical coordinates at point P in space and 

has the solutions of following type, 

            
     

   
                (A.12) 

Here l and n are integers such that;       . In Eq. (A.12) the first factor can be 

either cosine or sine; the second factors is an associated Legendre polynomial; and 

third factor maybe any spherical Bessel function, which can be written as 
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(A.13) 

in term of ordinary Bessel function. The scalar wave equation has general solution, 

which is based upon the linear combination of such elementary solutions. From the 

following theorem elementary solutions of Eq. (A.11) can be found. It states that if   

satisfy the scalar wave equation, then we define the vectors     and    as 

            (A.14a) 

              (A.14b) 

satisfy the vector wave equation, and are more related as, 

              (A.15) 

Substitution shows that, if we suppose u and v as two solutions of scalar wave 

equation and   ,   ,    and    are the derived vector fields, then Maxwell’s Eqs. 

(A.8) are satisfied by 

          

            
   (A.16) 

The full components of     and    are as follow, 

                                 
      

   
     

      (A.17a) 

    
 

     
 
     

  
                      

 

 
 
      

    
  (A.17b) 

     
 

 
 
     

  
                

 

     
 
      

    
   (A.17c) 

After discussion some basics, we come back to Mie scattering problem now. Let us 

consider scattering of a linearly polarized light by a homogeneous spherical scatterer 

having arbitrary refractive index ns, which is suspended in a homogeneous medium 

with refractive index nm (polystyrene micro spheres suspended in water). Also 

consider light wave is propagating along z-axis, and electrical field vibration is along 

x-axis (horizontal linear polarization). Then incident light wave having unit amplitude 

can be described by the following equation, 

      
                             

             (A.18) 

where    and    are the unit vectors along x- & y-axis. It can be proved that same 

fields propagating in the medium and advancing towards the spherical scatterer 

constitute the outside, incident wave. It can be written in the form of Eq. (A.16) by 

considering u and v functions, we get outside, incident wave 



105 

 

                 
    

      
  
                

 

   

 (A.19a) 

                 
    

      
  
               

 

   

  (A.19b) 

where     is spherical Bessel function derived from the Bessel function of first kind 

      
. The field outside the spherical scatterer consists of incident wave plus 

scattered wave. By applying boundary conditions we can get 

outside, scattered wave;  

                     
    

      
  
         

          

 

   

 (A.20a) 

                     
    

      
  
         

          

 

   

 (A.20b) 

where   
   

 is spherical Bessel function derived from Bessel function of second kind 

 
     

         ,     and    are the coefficients need to determine. 

Now we consider the field wave inside the spherical scatterer given as, 

Inside wave 

                     
    

      
  
                

 

   

 (A.21a) 

                     
    

      
  
                

 

   

 (A.21a) 

Where     and    is another pair of coefficients to be determined. All these 

coefficients (  ,   ,    and   ) can be find by applying certain boundary conditions. 

We here introduce Riccati-Bessel functions, which are different from spherical Bessel 

functions by an additional factor   given as 

                       
      

           (A.22a) 

                         
      

           (A.22b) 

          
                

 
     

             (A.22c) 

The arguments are as following 

                                 (A.23) 
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With the help of above notations the boundary conditions for four functions expressed 

by continuity of function can be written in the form as below, 

                                                              (A.24a) 

    

     

  
                           

         
         

      (A.24b) 

                                                            
      (A.24c) 

      
     

  
                               

         
           

      (A.24d) 

By elimination we get the solution as 

    
  

                   
    

  
                   

    
 (A.25a) 

    
    

                 
    

    
                     

  (A.25b) 

While for    and    we find fractions with same respective denominators and 

   
                 

       (A.26) 

as common numerator. 

By substituting the asymptotic expression for   
            we can get expression for 

scattered wave as 

    
 

    
                 

    

      
  
        

 

   

 (A.27a) 

    
 

    
                 

    

      
  
       

 

   

  (A.27b) 

The spherical components of scattered wave can be expressed as, 

           
 

    
                    (A.28a) 

         
 

    
                     (A.28b) 

where       and       are amplitude functions and given as, 

        
    

      
                        

 

   

 (A.29a) 

        
    

      
                        

 

   

 (A.29b) 

And 
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        (A.30a) 

          
 

  
  
         (A.30b) 

The parallel and perpendicular components of scattered wave are given as 

  
       

      

   (A.31) 

In forward detection geometry (  = 0), we can write amplitude function as, 

                    

 

   

  (A.32) 

where 

             
 

 
       (A.33) 

The extinction cross-section for scattering is given as, 

    
  

    
 
                  

 

   

    (A.34) 

The Mueller matrix for single scattering by sphere can be written as 

 

11 12
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43 44
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m m

 

 
 
  
 
 
 

 (A.35) 

where non-zero elements of Mueller matrix can be find by amplitude phase functions 

as, 

 

2 2

2 1

11

( ) ( )
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S S
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(A.36a) 

 

2 2

2 1
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( ) ( )
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(A.36b) 

 
* *

33 1 2 2 1

1
( ) ( ) ( ) ( )

2
m S S S S      

 
(A.36c) 

 
* *

34 1 2 2 1( ) ( ) ( ) ( )
2

i
m S S S S      

 
(A.36d) 

And for scattering by a spherical scatterer, the relations m22 = m11, m21 = m12, m43 = 

m34 and m44 = m33 hold true for Mueller matrix elements, furthermore m11, m12, m33 

and m44 are linearly independent and hold the relation, 
2 2 2 2

11 12 33 44m m m m   . 
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