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The use of polarized light for characterization of biological tissues has received increased
attention in recent years due to the wealth of information available in the interactions of
polarized light with tissue and the noninvasive nature of optical radiation. While the
depolarizing effects of multiple scattering complicate the use of polarimetry in tissue,
many biological constituents affect the polarization of light such as collagen, muscle
fibers, and glucose. Thus, if the effects of scattering can be accounted for—or utilized in
the analysis—polarized light can potentially be used as a probe of tissue status.

This thesis presents advancements in the techniques for the simulation of
polarized light in tissue-simulating media, and explores two biomedical applications.
Previous Monte Carlo models for simulation of polarized light propagation in tissue-
simulating media do not include the effects of birefringence and optical activity, two
polarizing effects of useful diagnostic potential. To overcome this limitation, our model
was extended to include both these effects simultaneously, and then experimentally
validated using a novel polarization phantom system. The use of polarized light for

characterization of the myocardium, and specifically towards monitoring stem cell
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regenerative treatments of myocardial infarction, was investigated experimentally as a
novel application for polarimetry. The potential for this technique is based on the changes
in myocardial structure that occur with infarction and subsequent regeneration, and the
associated changes in tissue birefringence. The use of polarized light for noninvasive
tissue analyte monitoring, particularly glucose, was also investigated based on the optical
activity exhibited by many tissue analytes due to their chiral structure. In this study, a
novel combined optical polarization and intensity approach was developed and tested on
Monte Carlo simulated data. The studies presented in thesis introduce new methods for
polarization simulation and analysis in biological tissue and demonstrate potential for
polarimetry in monitoring myocardial regeneration and noninvasive measurements of

tissue analytes.
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1. Introduction

This introductory chapter provides the background and motivation for this thesis. An
overview of polarized light is first given along with a review of the current biomedical
application of polarized light. This is followed by an introduction to each of the three
thesis chapters: Monte Carlo model extension, characterization of myocardial tissue for
monitoring regenerative treatments, and combined polarization and intensity based

glucose monitoring.

1.1 Overview of polarized light in biomedical optics

Christiaan Huygens first put the concept of light polarization forward in 1690 to explain
the effect of double refraction in calcite crystals, observed 21 years earlier by Rasmus
Bartholinus.'*® While Huygen’s theory was ultimately incomplete, it was the first to
suggest the polarization of light. Sir Isaac Newton’s treatise on optics’ put forth the
corpuscular or particle theory of light, and suggested that double refraction could be
explained if particles of light were asymmetric. Later in 1808 Etienne-Louis Malus
suggested that the light particles had poles, and thus referred this oriented light as
polarized light.” In 1821 Augustin-Jean Fresnel demonstrated that the observed properties
of light could only be explained if light was a transverse and thus polarized wave, rather
than a particle or longitudinal wave as previously suggested.® A more complete
understanding of light polarization was not reached until the theory of electromagnetism

was developed by James Clerk Maxwell in 1873,” and confirmed with experiments by



Heinrich Hertz in 1888. Maxwell’s electromagnetic theory was largely considered
complete until the discovery of photons and wave-particle duality as part of quantum
theory in the early twentieth century. While advent of quantum theory has not changed
the representation and analysis of light polarization—these are still well described under
electromagnetic theory—it does provide a more complete understanding of polarized
light as individual photons now each have a polarization corresponding to their intrinsic
spin.

Polarized light has been employed for many applications including elucidating the
three dimensional characteristics of chemical bonds,® determining sugar concentrations in
industrial processes,” quantifying protein structures in solutions,'® and remote sensing in
metrology and astronomy.''? In addition to these and other applications, polarized light
has also been employed for a number of biomedical applications.” In this section, a
review of the applications of polarized light in biomedical optics is provided. We begin

with the mathematical formalisms used to express the polarization of light.

1.1.1 Polarized light mathematics: Stokes-Mueller calculus

The polarization of a light beam and its interactions with the medium in which the beam
propagates are most often expressed through either Jones'* or Stokes-Mueller'® calculus.
However, for cases of multiple scattering media that randomize and thus depolarize light
propagating through it, the later Stokes-Mueller formalism is preferable as it allows for
the representation of depolarizing media and partially polarized light. This
formalism——co-developed by George Gabriel Stokes in 1852 and Hans Mueller in

1943—represents the polarization of light as a four-element Stokes vector S of the form
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The elements of this vector are defined with respect to a set of arbitrary orthonormal axes

¢, and ¢, defining its reference frame as

I'=EE*tE E*, (2)
Q=EE*-EE*, 3)
U=EE*+E*E, (4)
and V =i(EE,* — E*E,), (5)

where Ejand E,| are the complex electric fields of the net field £ along the respective axes

in the photon’s reference frame, with i = 4/=1 and * indicates a complex conjugate. This

is graphical represented below in Fig. 1.

A

e

I A

Fig. 1 Reference frame to express the polarization of a beam of light. The complex electric field
E is decomposed along two arbitrary orthogonal axes é, and é,into directional field components
E, and E,.



When using the Stokes vector, [ represents the intensity of the light beam, Q represents
the linear polarization at 0° and 90°, U represents the linear polarization at 45° and 135°,
and V represents the circular polarization.

To apply the polarizing effects of the medium through which the light is

propagating, the Stokes vector is multiplied by a 4 x 4 Mueller matrix of the form

. 6
My, My My My ©)

Thus after propagating through a medium, the resulting Stokes vector of the output light
So, 1s given as the product of the input Stokes vector S; and Mueller matrix M
representing the medium, S,= MS;. Measurements of both the Stokes vector and the

Mueller matrix of a medium are possible using various experimental systems.

1.1.2 Polarized light effects in biological tissue

The effects of biological tissue on the polarization of light are due to variations in the
speed at which light propagates through a medium, referred to the refractive index
(expressed as the ratio of the speed of light in vacuum, ¢ = 3 x 10® m/s, over the speed in
the medium). This change in the speed of light arises from the interactions of light with
the molecules comprising the medium. As light propagates it excites electrons of the
atoms that comprise the material. Assuming the atoms do not absorb this energy, the
excited electrons re-emit light which then in turn excite electrons in another atoms. In

between atoms the light propagates at ¢, however, the time required to excite the



electrons and re-emit the light slows the speed at which the light travels through the
medium.

The primary and most significant effect of most tissues is depolarization due to
multiple scattering. Biological tissue is heterogeneous, being comprised of numerous
domains of differing refractive indices such as extracellular space, connective tissue, and
cellular and sub-cellular components (cytoplasm, organelles, and the nucleus). In
addition, many tissues have a layered structure and exhibit different refractive indices in
each layer. These heterogeneities in refractive indices result in multiple scattering of light
propagating through these tissue domains as a result of refraction. Multiple scattering
events lead to randomization of the orientation of the polarization eventually leading to a
bulk randomization of the polarization and overall depolarization of the light. The effect
of the depolarization on the Stokes vector of the light can be expressed by a Mueller

matrix Mp, where D denotes depolarization, of the form

0 0 0
0 0 0
M, = Po (7)
0 0 B, O
0 0 0 B,

where By, fu, and By give the intensities (relative to the overall intensity /) of the Stokes
vector elements Q, U, and V respectively, after propagating through the medium. The
retained degrees of linear and circular polarization can be calculated from a Stokes vector
as B, = (0 + U)"*/I and B¢ = V/I respectively, or using the elements of Mp, as 3, = (Bo +
Buv)'? and Bc = By. While the main implication of depolarization is a reduction in the

overall polarization signal, it can be used as a metric of tissue structure and composition



as various tissues and tissue states will exhibit different scattering and thus depolarization
properties.

In addition to spatially varying refractive indices, tissue also exhibits directionally
varying refractive indices. The structural anisotropy exhibited by many tissues due to
their fibrous (collagen, muscle, elastin, etc) structure results in different refractive indices
along the length of the fibers versus perpendicular to the fibers. These directionally
varying refractive indices are referred to as linear birefringence. Light polarized along
either of these orthogonal directions propagates at different phase speeds leading to a
phase shift between these polarization components termed retardance. The magnitude of

the retardance 6 (in radians) between the polarization states can be calculated as

_ 2mAnl
)\’ 9

0 ®)

where An is the difference between the refractive indices along the fibers versus
perpendicular to it, / is path-length of the light through the medium, and A is the
wavelength of the light. The effect of birefringence can be applied to the Stokes vector of

an input light beam by the Mueller matrix M, where 6 denotes retardance, of the form

1 0 0 0

0 cos’2¢+cosdsin®2¢ (1-cosd)sin2¢cos2¢ —sindcos2¢
10 (1-cosd)sin2¢cos2¢ sin’>2¢+cosdcos’2¢  sindcos2¢ |

0 sindsin2¢ —sindcos2¢ cosd

5 9

where ¢ is the angle between the horizontal in the laboratory frame and the direction in
which the refractive index differs as illustrated in Fig 2. The effect of birefringence is
highly dependant on the direction of the birefringent axis with respect to the polarization.

A phase difference between orthogonal polarization components along the direction of



the differing refractive indices if both these components are non-zero (i.e., if light is fully
polarized along only one differing refractive index direction then birefringence will have

no effect).

Fig. 2 Illustration of angle ¢, made between the horizontal in the laboratory reference frame é,
and the birefringent axis b (direction of varying refractive index).

Birefringence is a measure of tissue anisotropy or structural organization; as such tissues
with a more fibrous structure will exhibit higher values of birefringence. This measure of
the structure of the tissue can be indicative of the functional state or overall health of
tissues that typically exhibit this property.

Tissue can also exhibit different refractive indices for circular polarization.
Molecules present in tissue exhibiting a chiral or handed molecular configuration produce
this effect termed optical activity. The handed asymmetry of these molecules results in
different refractive indices for left and right circularly polarized light when dissolved in
solution (as is the case in tissue where glucose is dissolved in blood, as well as
extracellular and intracellular fluid). This effect is analogous to linear birefringence and
accordingly optical activity is often termed circular birefringence. Linear polarized light
can be expressed as equal components of right and left circular polarizations that when
combined results in linear polarized light. If a linear polarized beam is considered to be

formed of equal right and left circular polarizations a difference in refractive indices for



opposite circular polarizations results in a rotation of the plane of linear polarization. The

rotation angle « is calculated as
a=[a] IC, (10)
where [a]i is the rotatory power of the specific molecule usually given in deg ml g dm

(1 dm = 10 cm) and dependent on the wavelength A of the light and the temperature 7, / is
the optical path-length through the media in dm, and C is the of the molecule in g ml™.
The effect of optical activity on the Stokes vector of input light is expressed as a rotation

matrix M, of the form

1 0 0 0
0 cos2a sin2a O
M, = ) . (11)
0 -sin2a cos2a O
1

0 0 0

As the rotation produced by an optically active medium is proportional to the
concentration of the optically active molecule, this optical activity induced rotation can

be used to determine the concentration of the corresponding molecule.

1.1.3 Biomedical applications

The field of polarimetry is well established in optically clear media; however, applying
these techniques to scattering and thus depolarizing media such as biological tissue
complicates the measurement and analysis. As a result of the extensive depolarization of
light in tissue, quantitative polarimetry is limited to either thin tissue for transmitted light
or reflection measurements (light reflected/diffusely reflected from shallower depths will

retain some polarization). Within these limitations, polarimetry has been employed for a



large number of applications. The polarization of light is effected by the scattering
properties of tissue (such as scattering structure size and refractive index, as well as the
overall scattering coefficient of the tissue); accordingly, polarized light can be used to
probe these properties. The structural organization of many tissues, and resulting
birefringence, affords polarized light the ability to quantify the structural organization of
tissues. Lastly, polarized light can also be employed to measure the concentration of
optically active molecules in tissue. In this section each of these applications is briefly
reviewed and representative results are discussed. A significant amount of research has
been conducted for the use of polarized light in biomedical optics; accordingly the
references provided are by no means exhaustive.

While the depolarization caused by tissue is most often viewed as hindering the
application of polarized light for biomedical applications, the first category of techniques
in fact makes use of the depolarization of multiply scattered photons. If non-polarized
photons are “gated out” then only those photons that have retained their polarization and
thus have undergone fewer scattering events will be measured. As photons undergo
scattering events, their polarization becomes randomized; accordingly photons that have
undergone few or no scattering events will retain a polarization more similar to their
initial polarization. This allows for polarization to be used as a method of gating light to
discriminate between superficially scattered or ballistically transmitted light (preserving
the initial polarization), and diffusely scattered or transmitted (depolarized) light. A
number of researchers have employed this basic principle in biomedical optics. Schmitt et
al.'® used polarizing gating to discriminate short-path photons in scattering media. Demos

and Alfano'’ employed polarization gating to measure the ballistic component of light



10

propagating through scattering samples. Jacques et al.'®"

used polarized light gated
imaging to study various skin pathologies including benign, pre-cancerous, and cancerous
tissues. Polarized light was used to gate ballistically transmitted light in order to improve
imaging resolution of objects embedded in highly scattering media by Gan and Gu.”
Morgan and Stockford®' employed polarization gating to reject surface reflections and
image underlying superficial tissue, and Yong et al** employed polarized light to
measure the absorption of superficial tissues. The use of polarized light gating for depth
selectivity was also investigated by Lie ef al.” using a bioengineered tissue model.
Polarized light can also be used to probe the scattering properties of tissue,
specifically the shape and refractive index of scattering structures as well as the overall
scattering coefficient of the tissue. The resulting polarization of light after interacting
with tissue will be effected by the properties of the individual scattering structures, as
well as the overall distribution of scatterers. Of particular interest is single scattering, as
this can be modeled with Mie scattering theory** and directly related to the properties of
the scatterer. Backman et al.”> and Gurjar et al.*® employed spectroscopic polarization
measurements of superficially scattered light to determine human epithelial properties, in
particular to detect cellular morphology associated with pre-cancerous states. Similarly,
Bartlett ef al.”” made use of polarized light spectroscopy to determine scattering particle
size in mammalian cells and Mourant et al.*® characterized mammalian cells using
backscattered polarized light measurements. In addition, Jaillan and Saint-Jalmes®

employed radially resolved polarization measurements to determine the scattering

coefficient of scattering media.
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The birefringence exhibited by structurally anisotropic tissues allows for
polarized light to be used as a probe of their structural state. Many tissues exhibit
structural birefringence including muscle, cartilage, and skin, generally due to their
fibrous composition. Accordingly, birefringence measurements can be used to assess the
health or functional state of these tissues, particularly with regards to their response to
various pathologies and/or treatments. Sankaran et al.*° investigated the propagation of
different polarization states through tissue, including birefringent tissue, and the effect of
these tissues of the degree of circular and linear polarization states. Wu and Walsh®!
performed polarization imaging on ex vivo rat tail tissue exhibiting birefringence. The
birefringence of collagen in skin has been used to monitor low-intensity polarized laser
treatment by da Silva et al.** and birefringence changes in the myocardium as a result of
thermal injury have been investigated by Whittaker es al.*® The use of polarization-
sensitive optical coherence tomography (PS-OCT)** has been widely employed for
birefringence measurements as it is provides depth resolution allowing for birefringence
determination, rather than only retardance measurements, using the known depth and Eq.
(8). PS-OCT has been investigated for imaging thermal damage in porcine tendon and
skin by de Boer e al.* and in porcine myocardium by Schoenenberger et al.*° for
monitoring thermal therapies. Also, birefringence of the retinal nerve fiber has been
measured in vivo via PS-OCT by Cense e al.’’ with application for early glaucoma
detection.

Optically active (chiral) molecules results in a rotation of the plane of linear
polarization as the light propagates through the medium that is proportional to the

concentration of the molecules, as shown in Eq. (10). An optically active molecule
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present in tissue that has received a great deal of attention is glucose. As the
concentration of glucose can be determined via optical rotation measurements, the
potential for a noninvasive method of measuring blood glucose concentrations for
diabetic individuals has lead to research by a number of groups. However, these
techniques are plagued by the depolarization caused by tissues and the presence of many
other optically active tissue constituents—many of which are present at much greater

1.°® and Bada er al.*® have investigated the use of

concentrations than glucose. Coté ef a
polarimetry measurements for glucose monitoring in the aqueous humor of the eye. The
eye has advantages as a measurement site as it is the only optically transparent tissue
sites, although debates exists as to how well the glucose levels in the aqueous humor
correlation to blood glucose levels. Mehriibeoglu e al.* investigated the use of diffuse
reflectance polarization images for determining glucose concentrations in tissue-
simulating phantoms. Manhas et al.*' also investigated reflectance measurements for

glucose concentration determination in tissue-simulating phantoms; they particularly

focused on separating chirality-induced and scattering-induced rotations.

1.2 Extending Monte Carlo model of polarized light
propagation in tissue-like media

This first chapter involved extension of our current Monte Carlo model for polarized light
propagation in scattering media to overcome limitations of the model, specifically to
extend the model to include both birefringence and optical activity simultaneously. As
applications of polarized light involving both birefringence and optical activity were

studied in the following thesis work, a model incorporating both these effects was
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developed to assist in guiding these studies and analyzing results. Here, an overview of
polarized light propagation in tissue modeling is provided, the limitations of the model
are described, and our approaches for model extension and validation are introduced. The

corresponding implementation, results, and discussion are presented in Chapter 2.

1.2.1 Modeling polarized light propagation in tissue

Forward modeling of polarized light propagation through turbid media such as biological
tissue is tremendously useful, specifically for gaining insight into the physical process, to
assist in the design and optimization of experimental studies, and in analyzing measured
data. The best-suited method for polarimetric analysis is electromagnetic theory with
Maxwell’s equations; however, the use of these equations in scattering media is
impractical due to the complexity of media.*? In general, the use of Maxwell’s equations
is restricted to optical clear media with well-defined interfaces. Instead, light propagation
through multiply scattering media is generally modeled through the radiative transport
equation and its simplified variant, the diffusion equation.**** However, these techniques
are light-intensity techniques which typically neglect polarization. A more general and
robust approach is the Monte Carlo method.

The Monte Carlo methods are a group of computation techniques, which rely on
repeated random sampling to compute the results and are useful in applications where it
is impossible or infeasible to furnish a solution with a deterministic (analytical)
algorithm. Because Monte Carlo methods rely on repeated sampling of random numbers,
they are ideally suited for computation on a computer. The concept was first employed by

Ulam in 1946,% when he attempted to compute the chances of a particular solitaire game
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being successful, and ended up simply laying out a number games and counting the
number of successes. As part of simulations for the Manhattan project, Metropolis and
Ulam™® published the first description of the method, giving it the code name Monte
Carlo. These methods are particularly useful for problems with a large number of degrees
of freedom, such fluids and disordered materials, and have been widely employed in
physical sciences, finance, business, telecommunications, and gaming industry, among
others.

The first Monte Carlo model for light propagation in tissue was developed by
Wilson and Adam in 1983.*” Wang et al.*® later developed what is now the most often
employed Monte Carlo light-tissue model known as Monte Carlo for Multi-Layered
Media (MCML). Both these models work by tracking individual photon packets as they
propagate through the medium. However, these models were developed for intensity
calculations only and as such neglects polarization. A number of more recent models
have incorporated polarization by tracking the Stokes vector of the propagating photon

4950513253545 ncluding a model developed in our group.”®’ Currently, the

packets
Monte Carlo technique is considered the most general approach for simulation of
polarized light propagation in multiply scattering media. However, as it is a stochastic
technique, long computation times are generally required into order to achieve
statistically meaningful results.

As the majority of polarization sensitive Monte Carlo models operate in a
similar manner, a brief overview of the general method follows; more details on the

specific implementations can be found in the previous references. It is generally assumed

that each scattering event occurs independently and thus no optical coherence effects are
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considered (even though some recent models do consider coherence®). The location,
propagation direction, and polarization of each photon packet (here after simply, though

not rigorously accurately, referred to as a photon) are initialized and modified as the

packet propagates through the sample.

Reflection/Refraction
Calculate probability of
transmission or refection based

a n . on refractive indices of media
e 1 . Scattering domair;s

Medium Effects
Effects such as birefringence,
Reflection/ optical activity, and
Refraction diattenation are applied to the
Stokes vector of the
propagating photon by the
Mueller matrix for the effect.

[ Medium Effects ]

Scattering
The scattering angles are
sampled from the phase
function of the scatterer and the
polarization is modified by the
Mueller matrix of the scatterer.

Fig. 3 Schematic representation of photon events modeled. The extension of the model for
simultaneous modeling of birefringence and optical activity involved upgrades to the medium
effects portion of the model, highlighted in red.

An overview of the primary model components are shown in Fig 3. The
polarization of the photon is represented as a Stokes vector expressed with respect to an
arbitrary reference defined as a set of orthonormal axes (e, and ¢)) perpendicular to the
direction of propagation. Polarization effects of the medium are applied to the Stokes
vector of the photon via the corresponding Mueller matrix for the effect. The photons
propagates a distance between scattering events randomly sampled from the probability

distribution exp(-ud), where y, is the extinction coefficient of the medium (the sum of the
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U, absorption and gy, scattering coefficients), and d is the distance between scattering
events. Upon encountering a scattering event, a scattering plane and angle are sampled
based on the polarization state of the photon and the Mueller matrix of the scatterer, and
the propagation direction of the photon is modified accordingly. The polarization
reference frame and polarization of the photon are modified by the change in propagation
direction and Mueller matrix of the scatterer respectively. The Mueller matrix for the
scattering event is calculated through Mie scattering theory for spherical particles® in
most Monte Carlo models that incorporate polarization. While tissue is obviously not
comprised of only spherical scattering particles, the angular scattering distribution of the
spheres can be made similar to that for tissue. In models neglecting polarization,
scattering angle distributions are most often modeled using the Henyey-Greenstein
function.”” When a photon encounters a domain interface (representing either tissue
domains of differing optical properties or an external tissue boundary), the probability of
either transmission or reflection is calculated using Fresnel coefficients. As no coherence
properties are generally modeled, the final Stokes vectors can be calculated based on the
sum of all photons detected at a spatial position (area or volume). In order to generate
statistically acceptable final results, typically 10’-10° photons need to be tracked,

depending on the required sensitivity and spatial resolution.

1.2.2 Extending model to include optical activity and birefringence

Previous Monte Carlo models adequately model the effects of multiple scattering on the
polarization of propagating light; however, these models do not include all the

polarization-influencing effects of tissue. In particular, birefringence due to anisotropic
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tissue structures (e.g., collagen, elastin, and muscle fibers) and optical activity due to
chiral molecules (e.g., proteins and glucose) have not simultaneously been included in
any previous models. A number of models have included either effect,**>** but none
have included both effects in the context of multiple scattering. This is due to the
difficulty in modeling simultaneous polarization effects, particularly in the presence of
multiple scattering. However, these effects must be incorporated into existing models in
order to better simulate the propagation of polarized light in tissue, which often exhibits
both these effects.

The difficulty in modeling these effects arises in applying these effects to the
polarization of the propagating photons, particularly in combining the effects of
birefringence and optical activity into a single Mueller matrix that can be applied to the
Stokes vector of the photons. Sequential multiplication of the Mueller matrices (M;M,, or
M_M,) is problematic as matrix multiplication is not commutative (i.e., M;M, # M,My),
and does not make physical sense as the effects occur simultaneously, not sequentially as
matrix multiplication implies. Thus, the effects must be combined in a single matrix, and
fortunately this can be accomplished via the Jones N-matrix formalism.** In this
formalism the medium is represented by a series of infinitely thin optical elements
making the ordering of these elements unimportant. If birefringence and optical activity
are assumed to be independent of scattering events—a reasonable assumption given that
these effects occur as the light propagates—then the Mueller matrix for the combined
effect of birefringence and optical activity can be applied to the photons as they move
between scattering events. The leads to the hypothesis of this thesis module that

birefringence and optical activity could be modeled in multiply scattering media via
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established Monte Carlo techniques, by incorporating the Jones N-matrix formalism to
combine their effects and applying this combined effect between scattering events.

The complete methodology and implementation along with studies completed to
experimentally validate the extended model are given in the publication provided in
Chapter 2. The experimental validation was a particularly important aspect of this study,
as very few validation studies have been undertaken for polarization sensitive Monte
Carlo models. In order to conduct these validation studies, a novel optical tissue phantom
system was developed. The excellent agreement between simulated values and
experimental measurements on the phantoms gives compelling evidence for the validity

of the extended model.

1.3 Polarimetric characterization of myocardial structure for
monitoring regenerative treatments

This second chapter investigated the use of polarization light birefringence measurements
for myocardial structural characterization, particularly with application to monitoring
regenerative treatments for myocardial infarction. This is the first of two applications
studied in this thesis, the second being noninvasive glucose monitoring in chapter 4. Both
of these studies made use of the extended Monte Carlo model from the previous chapter
and in the case of myocardial characterization also involved significant experimental
system development and analysis. An overview of myocardial infarction and stem cell
regenerative treatments is provided here, along with background in optical methods for
characterizing the myocardium including previous work involving polarized light. The

corresponding experimental methodologies and studies are described in Chapter 3.
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1.3.1 Myocardial infarction and regenerative (stem cell) treatments

Myocardial infarction (commonly referred to as a heart attack) is the leading cause of
cardiovascular related death with an estimated 7.5 million worldwide each year—12% of
all deaths.®® Within Canada, acute myocardial infarction was responsible for over 17,000
deaths in 2005—7% of all deaths.®® Myocardial infarction is caused by an occlusion
(blockage) of a coronary artery, most often as the consequence of a rupture of an
atherosclerotic plaque (lipids, white blood cells, and fibrous cap which have collected on
the wall of an artery) as shown in Fig 4. A vessel that is narrowed by a plaque, but not yet
blocked, results in coronary stenosis, a state that puts the individual at high risk for an
infarction if the plaque should rupture or completely block the vessel. The ischemia as a
result of an infarction, if left untreated, results in necrosis of the effected myocardial cells
and after a period of time the formation of a collagenous scar. The infarction leads to
structural remodeling of the myocardium, specifically expansion of the infarct,
ventricular dilation, thinning of the ventricular wall, and scar formation as shown in Fig.

5. These remodeling processes result in disruption of normal cardiac function.
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Fig. 4 Overview of myocardial infarction (heart attack) as a result of a coronary artery occlusion,
in this case a blood clot lodging in a plaque.®’
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Fig. 5 Overview of remodeling as a result of myocardial infarction. The left ventricle after
infarction in B shows scar formation, while C shows scar expansion, ventricular dilation, and
myocardial wall thinning which occur as the infarct matures.®
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Due to the tremendous morbidity and mortality associated with myocardial
infarction, a great deal of research and development has been undertaken towards
developing effective interventions and treatments. The use of thrombolytic agents (clot
busters) to breakdown the offending occlusion, and percutaneous coronary intervention
(angioplasty) to widen the occlusion has led to significant improvement in outcomes.
However, while these interventions can restore blood perfusion to deprived tissues,
cardiomyoctyes (heart muscle fibers) do not regenerate, thus the damage suffered by
myocardial infarction is essentially irreversible by normal physiological means. Because
of this, further research is currently underway to promote regeneration of cardiac tissues,
in particular the use of stem cell therapy.

The potential of stem cells to form any differentiated cell type in the body has led
researchers to investigate their use for variety of degenerative diseases.””’° Stem cells as
applied to myocardial regenerative therapy in particular has received a great deal of
interest, as this therapy has been shown to improve cardiac function.”"”> A variety of
donor stem cell types have been proposed and investigated for use in myocardial
regeneration including embryonic stem cells, skeletal myoblasts, mesechymal stem cells,
bone marrow stem cells, and adult cardiac stem cells.” Debates continue—both a
scientific and an ethical debate in the case of embryonic stem cells—as to the primary
mechanisms for the improvement in cardiac function, particularly for non-embryonic
stem cell types which have been shown to result in very limited re-growth of
cardiomyocytes. In general, the improvement in function is attributed to the reduction of

detrimental remodeling induced by stem cell therapy.”*
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The detrimental remodeling caused by myocardial infarction includes changes in
the composition and structure of the tissue, particularly necrosis of cardiomyocytes and
an increase in the collagen content (Type III) with scar formation.”” Stem cell therapies
have been shown to alter this remodeling; in particular, a decrease in collagen content
and an increase in cardiac muscle have been measured in regenerating infracted
myocardium.”® In addition, the structural organization of the myocardium also changes
significantly with infarction and regeneration. Healthy myocardium 1is primarily
comprised of organized aligned arrays of cardiomyocytes, while the collagen in the scar
tissue is largely disorganized. These content and structural changes are shown in a
histological image in Fig. 6 for a rat heart following an induced infarction. While
organization of the myocardium is difficult to visualize in the histology image, the
content change from healthy myocardium comprised on primarily muscle, to the

infarction comprised of scar collagen, is evident.

Right Ventricle

Left |
Ventricle |
.‘1\‘2

“ Infarction

Fig. 6 Masson’s trichrome histology of an axial section from an infracted rat heart four weeks
post infarction. Muscle is stained red and collagen is stained blue. The infarction is evident by
ventricular wall thinning and an increase in collagen content.
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1.3.2 Polarized light for myocardial structural characterization

As healthy myocardial tissue is highly anisotropic (structurally organized), it exhibits
significant levels of linear birefringence. In contrast, infarcted scar tissue is primarily
isotropic with randomly oriented collagen strands and thus will exhibit lower values of
linear birefringence. Accordingly, measurements of birefringence may have utility in
quantification of the structural changes that occur with infarction. In the context of stem
cell regenerative treatments, the remodeling associated with infarction is reduced, and
thus the reduction in birefringence that occurs with infarction should be accordingly
lessened. Birefringence values may therefore be useful in monitoring these treatments
and providing functional feedback regarding the treatments effectiveness.

The field of cardiac regeneration is currently in need of biomarkers regarding the
status of treatments, particularly those with the potential to be employed in vivo. Through
the use of fiber optics,”’ it is foreseeable that a polarization measurement probe could be
directed into the chambers of the heart through catheter techniques currently employed in
cardiac catheter labs. Thus, polarized light has potential to achieve the requirements of
being sensitive to structural state of the myocardium—particularly with regards to tissue
remodeling—and the potential to be employed in vivo. Accordingly, in this thesis module
we hypothesized that birefringence measurements could be used to characterize the
structural anisotropy of the myocardium and differentiate between healthy, infarcted,
and regenerating tissue states, with potential for monitoring regenerative treatments.

Polarized light has been previously employed in cardiological studies for
structural assessment of ex vivo myocardium. Baba ez al.”® and Jouk et al.”® assessed

heart fiber (collagen and myocyte) orientation in myocardial sections using polarized
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light microscopy. The later studies by Jouk ef al. focused on determining the overall
structure of the heart muscle by taking polarization microscopy images of axial sections
throughout the heart. Whittaker ez al.%’ used polarized light microscopy on silver-stained
myocardial sections to assess the role of collagen in infarct expansion. PS-OCT has been
used to image healthy and infracted ex vivo myocardium by Sun et al.** The use of
picrosirius red staining for collagen along with polarization microscopy® has been
widely used for quantifying collagen content and orientation in histological analysis of
myocardial sections. Whittaker et al. used picrosirius red staining to examine the changes

8485 and after

in collagen content and orientation in the myocardium after infarction
infarction and transplant of neonatal myocytes.*® Tabel ez al.*’ compared picrosirius red
collagen content and organization with ultrasound signals to determine the influence of
fiber morphology on echogenicity of myocardial scar tissue. Akhyari et al®® used
picrosirius red staining to quantify extracellular matrix formation and organization to
determine the effect of mechanical stretching on the formation of cardiac muscle grafts.
Polarized light imaging of thin myocardial sections has also been used to distinguish
between health and thermally damaged tissues by Thomsen et al.*’ However, no studies
have investigated the potential for polarized light to characterize stem cell regenerating
tissue; as well, no studies have focused on the use of polarized light in optically thick
myocardium, rather focusing only on thin histological sections (less than 50 pm).
Currently, polarized light is considered only a tool for microscopy, most often requiring
the use of specific stains, rather than endogenous birefringence.

Non-polarization optical methods have been proposed and investigated for

monitoring various aspects of stem cell cardiac therapy. These methods include
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bioluminescence imaging for cell tracking,”® near-infrared spectroscopy for monitoring
perfusion,”’ and laminar optical tomography for monitoring electrophysiology,’” among
others.”> However, currently no optical methods exist for assessing the structure of the
myocardium and its response to infarction and stem cell therapy with the potential to be
employed in vivo.

A variety of non-optical modalities have been proposed and developed for
characterization of myocardial structure including ultrasound elastography.’ electrical
impedance mapping,”® and diffusion tensor magnetic resonance imaging.”® However, in
the case of both ultrasound elastography and electrical impedance mapping neither
provides information regarding the organization of the myocardium. While both these
modalities do provide myocardial structural information, they do not measure
organization of the myocardium, but rather the elastic and conductive properties
respectively. Diffusion tensor magnetic resonance imaging (MRI), on the other hand,
does provide metrics of fiber organization and orientation, although currently it suffers
from long imaging times (in excess of 12 hours) and low spatial resolution (greater than 1
mm’).

Polarized light is thus well poised for monitoring the structural state of
myocardium. The studies conducted in this thesis module are discussed in detail in
Chapter 3, along with several small investigations yet to be published. The work focused
first on demonstrating a proof-of-principle for characterizing healthly, infarcted, and
regenerating ex vivo sectioned myocardial tissue from mouse and rat infarction models.
The ability to apply the polarimetry techniques in vivo was demonstrated using a mouse

dorsal window chamber model. Finally, studies investigating the effects of formalin
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fixation (required for tissue sectioning) and of the birefringence axis orientation were also

conducted.

1.4 Non-invasive glucose monitoring with polarized light

This chapter investigated a combined optical polarization and intensity glucose
monitoring methodology for determining blood glucose levels. The simulation studies
conducted in this chapter made use of the extended model developed and tested in
chapter 2. A review of diabetes and the need for noninvasive glucose monitoring is
provided, along with an overview of the noninvasive techniques currently under
development, in particular the optical methods. The corresponding research and results

are described in Chapter 4.

1.4.1 Diabetes mellitus and noninvasive glucose monitoring

Diabetes mellitus is a chronic systemic disease, with no known cure, in which the body
either fails to produce or fails to properly respond to the glucose regulatory hormone
insulin. Recent estimations put the number of diabetics worldwide at 285 million and the
number in Canada at over 3 million.”” Approximately 5% of diabetics have what is
referred to as type I insulin dependent diabetes, the remaining 95% have type Il non-
insulin dependent diabetes. Type I diabetes is characterized by the inability of the body to
produce sufficient quantities of insulin, due to the body’s own immune system turning
against itself and destroying the insulin-producing f3 cells in the pancreas. The process by

which this occurs is currently not well understood. In type II diabetes, the pancreas does
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produces insulin, however, the cells in the body fail to respond correctly to the insulin
and thus fail to properly uptake glucose, as shown in Fig. 7.
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Fig. 7 Schematic of glucose regulator system. Diabetes disrupts either the production of, or the
response to, insulin, resulting in the inability of cells to properly uptake glucose. Also shown is
effect of glucagon, which works in opposition to insulin, in stimulating the break down of

glycogen in the liver into glucose.
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Both type I and II diabetics suffer from the inability to properly regulate their
blood glucose levels leading to periods when the blood glucose is either too high or to
(referred

respectively as

hyperglycemia and hypoglycemia). During the
hypoglycemic periods, the body metabolizes fats and proteins for energy, as there is a

lack of glucose in the blood. Hypoglycemia, if not treated, can lead to a number of

complications ranging from weakness to coma and even death. Periods of hyperglycemia,

on the other hand, lead to the majority of the chronic long-term complications including
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kidney disease, blindness, nerve damage, heart disease, and gangrene all stemming from
the damage produced by high levels of blood glucose on organs and tissues in the body.

The primary goal of diabetes therapy is to maintain normal blood glucose
homeostasis through diet, medication, or insulin injections. Accordingly, frequent
monitoring of blood glucose levels is of paramount importance in guiding these therapies.
The most common current method of monitoring requires a small blood sample usually
obtained through pricking a finger. This method is painful, messy, inconvenient, and
carries a risk of infection. Because of this, compliance is low and many diabetics do not
monitor their blood glucose levels as frequency as required to avoid the long-term
complications of the disease (up to ten times a day for Type I diabetics). A noninvasive
method for glucose monitoring would greatly aid in increasing the frequency of
monitoring and lead to a decrease in complications associated with diabetes.

Because of the tremendous need for a less invasive method for blood glucose
monitoring, there has been a significant amount of research conducted in a variety of
fields into developing such a method.”® Apart from diabetes there also exits a need for
more frequent or continuous blood glucose monitoring for preterm infants and other at-
risk infant groups including those suffering from fetal growth retardation, infants of
diabetic mothers, as well as other more rare metabolic problems. The following section
reviews the developing techniques for minimally-invasive and noninvasive in vivo
glucose monitoring including electrochemical, and a number of optical techniques
including infrared spectroscopy, photoacoustics, Raman spectroscopy, fluorescence, and

polarimetry.
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The electrochemical technique is based on the sensitive reaction between oxygen
and glucose catalyzed by glucose oxidase and functions by measuring the generated
peroxide or consumed oxygen. This technique was first developed in the 1960s’” and has
formed the basis for a number of developed sensors.'”™'”" These sensors are stable,
accurate, and sensitive in vitro; however, when placed in vivo intravascularly their
performance reduces dramatically due to protein absorption followed by platelet
activation and adhesion leading to either partial or complete failure of the system. More
recently, work has shifted to measuring glucose in interstitial fluid rather than blood
circumventing the issues encountered in whole blood.'”® However, problems still persist
as a time lag exists between the glucose concentrations in blood and interstitial fluid; in
addition, this is not a non-invasive method, as fluids must still be extracted.'®

Of the optical techniques that have been proposed for glucose monitoring,
infrared spectroscopy has received the majority of attention. This technique is based on
the glucose-induced changes in tissue absorption and scattering. A large number of
groups are currently working on a variety of methods to quantify these
changes.'*+105-106.107.108.109 g ectroscopic measurements are generally made in either the
near-infrared (NIR, 700 — 2000 nm) or in the mid-infrared (MIR, 2.5 — 50 um), taking
advantage of glucose specific absorption bands within these wavelengths ranges. While
glucose specific features do exist in the spectra, the difficulty arises in distinguishing
them from those caused by other tissue analytes as well as those due to tissue variations.
Accordingly, a method of calibration is required in order to relate the changes in the
measured signal to the levels of glucose. In vivo results have shown some promise and the

outlook for these techniques is cautiously optimistic.
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A number of other optical techniques are currently being investigated for
noninvasive glucose monitoring. Photoacoustic techniques detect some manifestation of
absorbed light though either thermal or thermo-mechanical effects.'' Tissue is irradiated
with a short laser pulse at a wavelength of one of the glucose absorption bands, leading to
rapid heating of the tissue and a thermal wave emission that can be detected via the
subsequent pressure wave with a piezoelectric transducer.''' Raman spectroscopy of
glucose has been investigated as a means of concentration determination in tissue,
however, this technique has low sensitivity as the Raman signal is much weaker than
either elastically scattered light or tissue fluorescence, making specialized equipment
necessary.''>''? A variety of fluorescence-based techniques has been proposed using the
oxidation of glucose or affinity-binding methods with implantable sensors''* or a contact
lens."”” Finally, as briefly mentioned, polarimetry has been proposed for noninvasive
glucose monitoring.''® Polarimetry has the advantage of being relatively specific to
glucose due its unique optical activity spectrum. However, polarimetry suffers from
depolarization produced by scattering and in the need to separate the glucose signal from
that resulting from many other optically active molecules present in tissue with similar

optical activity spectra.

1.4.2 Polarized light for glucose concentration determination

None of the previously discussed techniques have yet provided a noninvasive means of
robustly measuring blood glucose concentrations in vivo. While many show promise, and
some are nearing the required levels needed for clinical application (less than 15% error),

none have been demonstrated to be a suitable replacement for traditional finger prick
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methods. We propose that a dual modality optical approach may provide a more accurate
means for optical non-invasive glucose sensing over other modalities currently being
explored. Specifically, the combination of visible and NIR spectroscopy with spectral
polarization information may provide the needed information to accurately and precisely
measure blood glucose levels. In this thesis module we hypothesized that the
combination of NIR spectroscopy and polarization spectroscopy will improve the ability
to determine concentrations of optically active molecules such as glucose in scattering
media over either modality alone.

Previous work in our group has focused on exploring the use of polarized light for
concentration determination of optically active molecules in scattering media.''”''%!"
From these studies it has been shown that it is possible to measure small optical rotations
due to physiological levels of glucose (a 5 mM glucose produces 0.008 deg in rotation
through an optical pathlength of 1 cm) in scattering phantoms. However, the confounding
effects of scattering and other optically active tissue constituents present a formidable
challenge for the application of polarized light-based approaches in vivo. Other groups
have suggested using the aqueous humor of the eye as a possible measurement site in
order to avoid the effects of scattering.'*® However, issues relating to the correlation of
glucose concentrations in the aqueous humor, the presence of birefringence in cornea,
and measurement convenience hinder this approach. Accordingly, the use of polarimeter
as an adjuvant to other optical glucose sensing methods, such as NIR spectroscopy, may
be a more practical alternative to a single modality tissue glucose sensor approach.

The theoretical modeling study conducted for this thesis module is summarized in

its corresponding publication in Chapter 3. To test whether this combined optical
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approach improves the ability to determine glucose concentrations, a blood plasma model
was employed. This model contained glucose and plasma proteins and was used to
generate polarization and intensity spectra for both clear and scattering media. In order to
isolate the glucose specific signal from that due to other plasma constituents, multi-block
chemometric techniques were used to combine and regress the spectra. A small additional
study was also conducted to investigate whether chirality-induced optical rotation could
be separated from scattering-induced rotation, as both are often exhibited by tissue. It is
worth noting that such a multimodality approach is by no means limited to glucose
concentration measurements, but could be applied to other constituents of interest in clear

or scattering media.
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2. Extension of polarization-sensitive Monte
Carlo model

Introduction
Accurate modeling of polarized light propagation in biological tissue is tremendously
useful in tissue polarimetry studies. The Monte Carlo method is currently the most
practical approach for simulating polarized light propagation in multiply scattering media
such as biological tissue. However, all previous implementations have not included all
the polarizing effects of tissue, such linear birefringence and optical activity present
simultaneously in a scattering environment, and have been limited in their selections of
modeling geometry.

A polarization-sensitive Monte Carlo software module was initially developed by
Dr. Daniel Coté,’® a previous post doctoral fellow. This model is based on methods
employed in previous polarization-sensitive studies.”® A variety of scattering angle
selection methods have been proposed and implemented, attempting to overcome the
difficulties arising from the scattering phase function being dependent on both the
properties of the scattering particle and the incident polarization. This dependence makes
random sampling of the scattering phase function difficult, and in general necessitates use
of the rejection method.”® The phase function scattering angle selection methods
employed in this model are based on those by Jailion and Saint-Jalmes*’ and Kaplan et
al>® A distinguishing aspect of the model our group has developed is the flexible sample
geometries that can be simulated. The surfaces of the samples are defined using either

triangular or rectangular surface elements, allowing for the creation of a wide variety of
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sample geometries (cube, layers, spheres, cylinders, etc). In addition, the use of these
surface elements allows for generation of complex and arbitary user-defined geometries
that can be tailored to complex sample shapes. This ability to handle unique sample
geometries sets this model apart from others currently available.

This Monte Carlo software, as well as the majority of other implementations,
simulated the interactions of polarized light with mono-disperse uniformly sized
scattering particles. Using this approach, the optical properties (scattering, absorption,
and scattering anisotropy) in a simulation can be matched to those in a tissue of interest.
However, the scattering mechanisms in the model are different when compared to those
in tissue. Tissue in general is not comprised of uniformly sized scattering particles, but
rather a continuous variation in refractive indices. In spite of this difference, as the
overall optical properties can be matched, these models do provide a valuable tool for
simulation polarized light in scattering media such as tissue.

Previous models have also been lacking in their ability to simulate simultaneous
polarization effects, due to the difficulty in forming the Mueller matrix for the combined
effect in the presence of multiple scattering. However, the combined matrix can be
calculated through the Jones N-matrix formalism,** and applied to the Stokes vector of
the photon as it propagates between scattering events. The following publication
describes the extension of our polarization-sensitive Monte Carlo model to include the
effects of birefringence and optical activity simultaneously using the Jones N-matrix
formalism. The specifics of the methods used to extend the formalism are described and
experimental studies completed for validation are presented. As part of the validation

experiments, a novel optical phantom system is also described.
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At the time of writing, this extension to the model was proposed for the
polarimetric glucose monitoring application presented in Chapter 4. However, while the
extension was motivated for optical activity measurements in turbid media, it is widely
applicable to all areas of tissue polarimetry. Accordingly, the extended model and the
phantom system were also employed for the myocardial characterization application
presented in the Chapter 3 to validate experimental analysis methods developed to
quantify tissue retardance.

With regards to the author contributions to the publication, I researched the N-
matrix and adapted the approach to multiply scattering media, coded the extension of the
model, developed the phantoms system, conducted all simulations, and performed
experimental measurements. Dr. Xinxin Guo, a previous postdoctoral fellow in our
group, developed the polarimetry measurement system and provided guidance for the

phantom measurements.
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Abstract. A Monte Carlo model for polarized light propagation in
birefringent, optically active, multiply scattering media is developed
in an effort to accurately represent the propagation of polarized light
in biological tissue. The model employs the Jones N-matrix formalism
to combine both linear birefringence and optical activity into a single
effect that can be applied to photons as they propagate between scat-
tering events. Polyacrylamide phantoms with strain-induced birefrin-
gence, sucrose-induced optical activity, and polystyrene microspheres
as scattering particles are used for experimental validation. Measure-
ments are made using a Stokes polarimeter that detects scattered light
in different geometries, and compared to the results of Monte Carlo
simulations run with similar parameters. The results show close agree-
ment between the experimental measurements and Monte Carlo cal-
culations for phantoms exhibiting turbidity and birefringence, as well
as for phantoms exhibiting turbidity, birefringence, and optical activ-
ity. Other scattering-independent polarization properties can be incor-
porated into the developed Jones N-matrix formalism, enabling quan-
tification of the polarization effects via an accurate polarization-

sensitive Monte Carlo model. © 2007 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.2434980]
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1 Introduction

Recently, there has been increased interest in using polarized
light for the assessment of biological tissues, due to the non-
invasive nature of light-tissue interactions and the wealth of
information potentially available. The field of traditional po-
larimetry is well established in clear media. but the multiple
scattering and resulting light depolarization hinder the appli-
cation of these techniques for the examination of turbid media
such as biological tissue. However, many biological tissue
constituents interact with polarized light, including collagen,
muscle fibers, keratin, retina, and glucose.' Thus, if the depo-
larization effects of multiple scattering can be minimized or
accounted for, polarized light can potentially serve as a sen-
sitive probe of the state of tissue and its constituents.”

The use of polarized light for determining the concentra-
tions of optically active molecules such as glucose is currently
being explored.”* A tremendous need exists for a noninvasive
glucose monitor for diabetics to increase the frequency of
monitoring and better guide treatments, thus preventing or
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Canada M5G 2M9; Tel: +1 416 946 4501 ext. 3280; Fax: +1 416 946 6529;
E-mail: mwood@uhnres.utoronto.ca
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delaying the long-term complications due to the disease. A
variety of optical methods have been proposed for blood glu-
cose monitoring including near-IR spectroscopy.” optical co-
herence tonlogruphy]” (OCT), Raman spectroscopy.” photoa-
coustic techniques." and fluorescence techniques.l“’ While
some of these techniques are approaching acceptable levels of
accuracy in vivo, none have yet been approved for clinical
use. Polarized light offers another potential method by ex-
ploiting changes in polarization caused by glucose, which re-
sult from its optical activity, and induced changes in the scat-
tering properties due to the rise in refractive index with
additional glucose."" Accordingly. we are investigating the po-
tential to determine concentrations of optically active mol-
ecules such as glucose in scattering media in an effort to
develop a suitable methodology to predict blood glucose lev-
els in vivo M1+

To aid in the investigation of polarized light propagation in
turbid media such as biological tissue, accurate modeling is
enormously useful for gaining physical insight, designing and
optimizing experiments, and analyzing measured data. The
use of electromagnetic theory with Maxwell’s equations is the
most rigorous and best-suited method for polarimetric analy-

1083-3668/2007/12(1)/014029/10/$25.00 © 2007 SPIE
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sis; however, solving Maxwell’s equations for polarized light
propagation in turbid media is impructiculA”’ Light propaga-
tion through scattering media can in principle be modeled
through transport theory; however, transport theory and its
simplified variant, the diffusion equation, are both intensity-
based techniques, and hence typically neglect polariza-
tion."””"® A more general and robust approach is the Monte
Carlo technique. The first Monte Carlo models were devel-
oped for intensity calculations only and neglected polariza-
tion, the most commonly used being that developed by Wang
et al."” More recently, a number of implementations have m—
corporated polarization into their Monte Carlo models. 03
Currently, the Monte Carlo technique is the most general ap-
proach to simulate polarized light propagation in scattering
media. although long computation times are often required to
generate statistically meaningful results.

However, most current Monte Carlo models for polarized
light propagation do not fully simulate all the polarization-
influencing effects of tissue. To better model the propagation
of polarized light in biological tissue, effects such as optical
activity due to chiral molecules (e.g., glucose and proteins),
and linear birefringence due to anisotropic tissue structures
(e.g.. collagen and muscle), must be incorporated into the
model in the presence of scattering. This is particularly im-
portant for glucose polarimetry, as many biological tissues at
accessible anatomical sites (skin, muscle) have anisotropic
(birefringent) properties. A number of tissue Monte Carlo
models have included either optical activity or birefringence
alone.”® ** However, none have included both these properties
simultaneously in turbid media. This is primarily due to the
difficulty in formulating the combined (simultaneous) effect
for both these optical effects in the presence of scattering:
however, as will be discussed, this task can be accomplished
through the Jones N-matrix formalism. In this paper, we ex-
tend the Jones N-matrix formalism to model simultaneous bi-
refringence and optical activity in the presence of depolariza-
tion phenomena. In addition, no Monte Carlo models that
have incorporated birefringence have been experimentally
validated due to the difficulty in creating phantoms with con-
trollable birefringence. As we also discuss, this can be
achieved through the use of strain-induced birefringence in
hydrogel polymers.

The outline of this paper is as follows. First, optical activ-
ity and birefringence are reviewed and the Monte Carlo for-
malism for modeling the combined effect in turbid media is
presented. As this work extends an existing clear media for-
malsim, we focus primarily on the additions to the formalism
applicable to multiply scattering samples. Second, the experi-
mental system and methods of analysis as well as the optical
phantoms used in the validation experiments are described in
detail. Third, the results of the validation experiments are pre-
sented and shown to correlate well with the extended
polarization-sensitive Monte Carlo model predictions; in ad-
dition, the observed physical polarization phenomena are in-
terpreted and discussed.

2 Basic Polarization-Sensitive
Monte Carlo Formalism

This paper extends the Monte Carlo algorithm developed and
validated by Coté and Vitkin.”? Source code (ANSI C++) is
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available for free download from the Internet.™’ A brief sum-
mary of the formalism is given in the following: further de-
tails on the calculations and validation are available.**

It is assumed in this algorithm that scattering events occur
independently and have no coherence effects. Medium do-
mains through which the photons propagate are specified by a
set of surface elements defined by two vectors and a normal
vector pointing outward. The position, propagation direction,
and polarization of each photon are initialized and modified as
the photon propagates through the sample. The photon’s po-
larization, with respect to a set of arbitrary orthonormal axes
¢, and CH defining its reteleme frame, is represented as a four
element Stokes vector’' S. The first element / represents the
intensity of the light beam, the second element Q represents
the linear polarization at 0 and 90 deg, the third element U
represents the linear polarization at 45 and 135 deg, and the
fourth element V represents the circular polarization. Polariza-
tion effects are applied to the Stokes vector using a 4 X4
Mueller matrix®' M.

The photon propagates in the sample between scattering
events a distance sampled from the probability distribution
exp(—u,d), where the extinction coefficient g, is the sum of
the absorption g, and scattering p, coefficients, and d is the
distance traveled by the photon. On encountering a scattering
event, a scattering plane and angle are statistically sampled
based on the polarization state of the photon and the Mueller
matrix of the scatterer. The photon’s reference frame is first
expressed in the scattering plane and then transformed
through multiplication by a Mueller matrix calculated through
Mie scattering theory.”~ On encountering a domain interface,
the probability of either reflection or transmission is calcu-
lated. The Stokes vector and propagation direction of the pho-
ton are then modified according to either the reflection or
transmission. If the photon is transmitted through the inter-
face, the Stokes vector of the photon is recorded for that sur-
face element. As no interference effects are considered, the
final Stokes vector values are computed as the sum of all the
appropriate photon subpopulations exiting the sample.

2.1 Birefringence and Optical Activity Extension

The Monte Carlo algorithm was extended to include the ef-
fects of optical activity and birefringence to better model bio-
logical tissue. An overview of these properties and the prac-
tical implications of modeling their effects are given in the
following section.

Optical activity arises from either individual molecules ex-
hibiting chirality (handedness) such as glucose in solution, or
from a chiral structure of the material as in the case of quartz
crystals. Optical activity results in a rotation of the plane of
linearly polarized light. This rotation arises from the differ-
ence in the refractive indices for left and right circularly po-
larized light. due to either the molecular or structural asym-
metry. When considering optical active molecules in solution
the induced rotation through an angle « is given by

a=[a]lLC, (1)

where [a/]z is the rotatory power of the molecule usually
given in degml g™ dm™" (1 dm=10 cm) and dependent on
the temperature 7 and wavelength N of the light, L is the

January/February 2007 + Vol. 12(1)
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photon path length through the medium, and C is the concen-
tration of the optically active molecules. Strictly speaking, Eq.
(1) is valid only for clear media, as scattering results in an
ambiguity in L; however, this ambiguity can be accounted for
if Eq. (1) is applied to individual photons between scattering
events, using the distance between scattering events d in place
of L. Typical rotations due to optical active molecules in tis-
sue (proteins and other biological molecules) are of the order
of fractions of a degree per centimeter. In our formalism, op-
tical activity is specified as a rotation y in degrees per centi-
meter where X:[a]{C and a=xd. This rotation can then be
applied to individual photons as they propagate between scat-
tering events through multiplication of the Mueller matrix for
a rotator.

Linear birefringence arises from a directional anisotropy in
the refractive index of the medium through which the light is
propagating. The axis along which the refractive index difters
from that along other directions is referred to as the extraor-
dinary axis. Axes perpendicular to the extraordinary axis
along which the refractive index is uniform are referred as
ordinary axes. The refractive indices along the extraordinary
and ordinary axes are referred to as n, and n,, respectively.
This anisotropy in refractive indices An=n,—n, leads to a
difference in the phase speeds for light polarized parallel and
perpendicular to the direction of the extraordinary axis and
results in a retardation of parallel and perpendicular linear
polarization components. In this formalism, we assume that
the medium is uniaxial (the refractive index differs along only
one axis) and that the direction of the axis and difference in
refractive indices is constant throughout the sample. In addi-
tion, we assume that anisotropies in the refractive index of the
medium have no effect on the phase function of the scattering
events and no effect on reflections and transmissions from
interfaces. Birefringence (and optical activity) is (are) as-
sumed to only influence the polarization of photons as they
move between scattering events. These assumptions are rea-
sonable given the fact that typical birefringence values in bio-
logical tissue are small, typically An<<1X 1072, and the re-
sulting effects on the statistically sampled scattering phase
function and Fresnel coefficient are small. Birefringence is
specified in our current formulation by a vector defining the
extraordinary axis b, the extraordinary refractive index n,,
and the ordinary refractive index n,,.

As the photon propagates between scattering events, the
difference in refractive indices seen by the photon depends on
the propagation direction with respect to the extraordinary
axis. The refractive index with the maximum difference from
n, as seen by the photon referred to as n(6), can be expressed
as

() = - ()

5 > S
(n; cos? 0+ n; sin® )"

where @ is the angle between the photon’s propagation direc-
tion él,mp and the extraordinary axis™~ b. The difference in
refractive indices seen by the photon is then given by

An=n(6)—n,. (3)

This refractive index difference results in the retardation of
orthogonal linear polarization states. As the photon moves, its
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Fig. 1 Schematic of manipulations required so that € in the photon’s
reference frame is parallel to the rotated extraordinary axis b’. This is
required so that the Mueller or Jones matrix for birefringence can be
expressed only in terms of the retardation & experienced by the pho-
ton; otherwise angular dependencies would also be present. The
plane is defined by the photon’s reference frame (€, and €)), 6 is the
angle between the photon’s propagation direction €, and the ex-
traordinary axis b, and g is the angle between the direction of maxi-
mal refractive index difference b’ and ¢j.

polarization states along the ordinary and extraordinary axes
undergo retardation & given by

2a7d
S=An—, (4)
A

where d is the distance traveled by the photon between scat-
tering events, and X is the wavelength of the light in vacuum.
However, to apply the Mueller matrix for a retarder to the
Stokes vector of the photon, the photon’s reference frame
must first be rotated so that € is parallel to the axis of maxi-
mal refractive index difference b’. The axis b’ is first found
by rotating the extraordinary axis by an angle 90 deg—0
around a second axis defined by b Xép,.(,p. as shown Fig. 1.
The photon’s reference frame is then rotated by an angle £ so
that éH is parallel to b’. After this rotation of the reference
frame, the Stokes vector of the photon is now expressed such
that the calculated retardation from Eq. (4) can be applied to
this Stokes vector through the multiplication of the Mueller
matrix for a retarder.

2.2 N-Matrix Formalism

The previously mentioned Mueller matrices correctly model
the effects of optical activity and birefringence on the Stokes
vector of the photons as they propagate between scattering
events in the media. However, a problem arises in applying
the combined effect when both are exhibited by the sample.
Matrix multiplication of these Mueller matrices is not com-
mutative, thus, different orders in which these effects are ap-
plied will have different effects on the polarization. Ordered
multiplication of these matrices in fact does not make physi-
cal sense, as these effects are exhibited simultaneously and
not one after the other as sequential multiplication implies.
This necessitates the combination of the effects into a single
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matrix describing them simultaneously. Conveniently, this can
be accomplished through the Jones N-matrix formalism.

This method was first developed by Jones.™ however, a
more thorough derivation is provided in Kliger et al.* The
full derivation™* is not presented here. only a brief overview
and the final results are given. Briefly. the issue of noncom-
mutative matrices is overcome by representing the matrix of
the sample as an exponential function of a sum of matrices,
where each matrix in this sum corresponds to a single optical
property. This overcomes the ordering issue as matrix addition
is always commutative. However, this is valid only if the
matrices are differential, representing the optical property
over an infinitely small optical path length. These differential
matrices are known as N-matrices and their “parent” nondif-
ferential matrices are known as M-matrices. The differential
N-matrices corresponding to each optical property exhibited
by the sample are used to express the M-matrix for the com-
bined effect. The formalism is expressed in terms of Jones
matrices (2 X 2) rather than the more commonly used Mueller
matrices (4 X4) previously discussed. However, a Jones ma-
trix can be converted to a Mueller matrix, provided there are
no depolarization effects, as described in Schellman and
Jensen.™ This method is applicable to our formalism as depo-
larization is due to multiple scattering and no depolarization
effects occur between scattering events. Once converted to a
Mueller matrix, this matrix can be applied to the photons as
they propagate between scattering events.

The N-matrix N expressing a single optical effect over an
infinitely small path length is found from the corresponding
M-matrix M (nondifferential) for a sample exhibiting only
that effect and is defined by Jones as

dM
. :
% (5)
where z is the path length of the light through the sample. The
elements of the N-matrix are defined as

ny ny
N= . (6)
ny N,
The N-matrix for optical activity as found from Eq. (5) and
from the Jones matrix of a rotator is

0 x
Noalx) = > (7)
-x 0
where X:[a]ATC and is the rotation per unit distance (degrees
per centimeter) as a result of the optically active molecules
specified in the model. The N-matrix for linear birefringence
as found from Eq. (5) and the Jones matrix of a retarder is

7
N s(go) = o (? 8 (8)
0 —igy
where gg=mAn/N\ is the retardation per unit distance (in ra-
dians per centimeter). Because the photon’s reference frame
has been rotated so that € | is parallel to the extraordinary axis
seen by the photon b’. as discussed in the previous section,
this N-matrix correctly represents the effect of birefringence
as seen by the photon. The combined N-matrix is found by
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adding these matrices and dividing by two, giving the result-
ing N-matrix describing the two effects as

I igy X
NoasLs = 5 .

ZL—X — 18
Based on the final results of the derivation from Jones and
Kliger et al.*** the elements of the M-matrix [defined simi-
lar to those of the N-matrix in Eq. (6)] for the combined effect
are calculated from the corresponding N-matrix elements of
Noass (11=igo. ny==igo, n3==x. and ny=Yx) as

)

sinh Qyz
my=exp(Tyz)| (n; - nz)w +coshQuz |, (10)
20y
sinh Qyz .
my=exp(Tyz)| = (ny —ny))————+cosh Qyz |, (11)
N | 2QN N
1y sinh Qyz
=0 ']‘ Z — lz
my=exp(Tyz) o (12)
_ny sinh Qyz
my=exp(Tyz 1y sitth Onz (13)
Oy
where Ty and Q) are defined as
T = ny+ 1, 14
=R (14)
)2 12
1, =1,
ov=| Bl | (15)

The resulting M-matrix, now correctly combining the two ef-
fects. is then converted from a Jones to Mueller matrix and
applied to the photon between scattering events. Note that the
N-matrix formalism enables the combination of any number
of polarizing effects, not just optical activity and linear bire-
fringence, as has been done in this case. As such, the existing
model can easily be modified to include any other combina-
tion of desired polarization eftects; excluding depolarization
phenomenon. The significance of this should not be under-
stated as it enables the modeling of all polarization effects that
may occur between scattering events.

3 Experimental Methods and Materials

As described, the Monte Carlo model was extended to include
birefringence and optical activity. However, it is of paramount
importance to ensure that the model correctly simulates what
occurs physically through experimental validation. This is
particularly challenging for polarization-sensitive Monte
Carlo development research and, unfortunately, is sometimes
neglected. The following section describes the experimental
system and phantoms used for the validation experiments.

3.1 Stokes Polarimeter

To perform the validation experiments, polarimetric measure-
ments were made using the experimental setup shown in Fig.
2, which has been slightly modified from that described in a
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Lock-in
amplifier

Fig. 2 Schematic of Stokes polarimeter used for experimental mea-
surements: C, mechanical chopper; Py and P,, polarizers; W, ~and

W, , removable quarter-wave plates; A, aperture; Ly and L,, lenses;

PEM, photoelastic modulator; D, photodetector; f. and f, modulation
frequencies of mechanical chopper and PEM, respectively.

previous publication.”” Unpolarized light at 632.8 nm from a
HeNe laser (Research Electro-Optics, LHRR-120M) first
passes through a mechanical chopper operating at a frequency
f.=500 Hz, then through a polarizer with its pass-axis at
0 deg (horizontal), and finally through a removable quarter-
wave plate placed before the sample with its fast axis at
45 deg. The removable quarter-wave plate causes the light
incident on the sample to be either circularly polarized when
in place or linearly polarized when removed. The detection
optics begin with another removable quarter wave plate at
—45 deg, when in place allowing for the measurement of the
Stokes parameters Q and U (linear polarization), and when
removed allowing for the measurement of the Stokes param-
eter V (circular polarization). Sample-scattered light then
passes through a photoelastic modulator (PEM, Hinds Instru-
ments 1S-90 operating at f,=50 kHz) with its fast axis at
0 deg, and its retardation modulated according to the sinu-
soidal function Sppy(f)=4, sin w,f, where w,=2mf,, and 6,
is the user-specified amplitude of maximum retardation. The
light finally passes through an analyzer orientated at 45 deg
and the resulting modulated intensity of the light is measured
by an avalanche photodiode (APD) detector (Hamamatsu,
C5460). The detection arm of the setup is mounted on a ro-
tatable platform to enable angularly () resolved measure-
ments of light scattered by the sample. A pair of lenses in the
detection optics is used to give a detection area of | mm?

(circular area) on the sample and an acceptance angle of

14 deg for light scattered by the sample. The detected signal
is sent to a lock-in amplifier (Stanford Research Systems,
SR830) with the reference input of the amplifier toggled be-
tween the signals from the chopper and PEM controllers. The
Stokes parameters of the light scattered from the sample can
be calculated from the first harmonic of the signal at the chop-
per frequency V|/ and the first and second harmonics of the
signal at the PEM frequencies V” and Vi, . respectively. As
is shown in a previous leb]lL‘ltl()n the ﬁtol\es parameters
normalized by the intensity of the light (¢=Q/1, u=U/I, and
v=V/I) can be extracted as follows. With the detection
quarter-wave plate (W, ) in place (linear detection). ¢ and u
are found from
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V
4=t (16)
208V,
= £ N (17)
V2058,V

where J, (8,) and J, (8,) are first- and second-order Bessel
functions of the first l\md evaluated at the amplitude of retar-
dation &, of the PEM. With the detection quarter-wave plate
(W/,,) removed (circular detection), v is found from
==t (18)

28V,

Based on the calculated Stokes parameters the fraction of lin-
ear polarization £, and the fraction of circular polarization ¢
can be calculated as

Br= (g +u?)'". (19)

Be=v. (20)

3.2 Polyacrylamide Phantoms

To validate the developed Monte Carlo model, optical phan-
toms exhibiting controllable scattering, linear birefringence,
and optical activity are required. The creation of phantoms
with controllable scattering is easily accomplished through
the addition of polystyrene mircospheres or Intralipid, and
optical activity can be controlled through the addition of
known amounts of chiral molecules such as glucose or su-
crose. However, the problem of creating controllable birefrin-
gence is somewhat more difficult and has not been previously
demonstrated for turbid tissue phantoms. For this study,
strain-induced birefringence in a polymer hydrogel was used
to create controllable linearly birefringent phantoms. Specifi-
cally, polyacrylamide was strained through extension to create
birefringence along the direction of strain. This creation of
birefringence through strain is also referred to as mechanical
birefringence and is a result of the normally isotropic arrange-
ment of the polymer molecules becoming anisotropic along
the direction of the applied strain. In other words, the long
polymer chains become aligned along the direction of strain
and result in a higher refractive index along this direction. In
the developed phantoms, scattering is produced through the
addition of polystyrene microspheres, and optical activity in
induced with the addition of sucrose.

The polyacrylamide phantoms were fabricated using a for-
mulation adapted from Suroweic.™ The polymerization of
acrylamide was carried out using ammonium persulfate as the
initiator, N,N’ methylenebisacylamide as a cross-linking
agent, and tetramethylethylenediamine as the catalyst. The
exothermic polymerization process was completed several
minutes after the addition of the catalyst. The phantoms were
polymerized in plastic molds with dimensions 1 X 1 X4 cm,
removed from the molds after 24 h and stored at 4°C until
used. The density of polyacrylamide is p,=1.01 g/cm? and
the refractive index was measured through refractometry
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Translation
Stage

Direction of

Strain '\

Mounts and
Clamps

Fixed Stage

Fig. 3 Diagram of mounting system used to strain phantoms to induce
birefringence. The phantoms are strained vertically in the laboratory
reference frame, producing an extraordinary axis along this direction.

Incident _
Beam

(Abbe refractometer model 2WAJ) to be approximately 1.393
at 633 nm. Polystyrene microspheres (refractive index
=1.59. density p=1.05 g/cm?, radius r=0.7 wm) were
added to the samples prior to polymerization as scattering
particles. The scattering efficiency and anisotropy of these
particles in polyacrylamide was calculated from Mie theory
and found to be Q..,=2.72 and ¢=0.95, respectively, at
632.8 nm. Based on the weight fraction f,. of added micro-
spheres, the scattering coefficient is calculated as

30scavwPo
M= . 2n
4rp

Two sets of phantoms were created with scattering coeffi-
cients of 30 and 60 cm™'. A measured mass of sucrose was
also added to some samples prior to polymerization to create
phantoms with a known concentration of sucrose and, through
Eq. (1). a known optical activity. Sucrose was used as an
optically active molecule rather than glucose, because a re-
ducing sugar such as glucose will interfere with the polymer-
ization process. The addition of sucrose raises the refractive
index of polyacrylamide by 0.026 per molar, requiring a re-
calculation of the scattering efficiency and scattering
coefficients.™ A third set of samples was created with | M of
sucrose and, based on the recalculation of the scattering effi-
ciency as Q. =2.22 and the anisotropy as ¢=0.96 at
632.8 nm., with a scattering coefficient of 60 cm™'.

To apply controllable strain to produce linear birefrin-
gence, the phantoms were glued on both ends to plastic hold-
ers and clamped at one end to fixed mount and at the other to
a linear translation stage (Fig. 3). The phantoms were
stretched to induce birefringence along the direction of strain.
To determine the magnitude of the induced birefringence with
phantom extension. measurements were taken using the polar-
imeter with clear samples (no added microspheres or sucrose)
strained vertically (90 deg to the lab bench) and input right
circularly polarized light (input quarter-wave plate in place).
Based on the measured Stokes parameters « and v, the retar-
dation was calculated as

S=tan™! (£> . (22)
v
or using Eqgs. (17) and (18) as
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Retardation (rad)

0 1 2 3 4 = 6
(a) Extension {(mm)

Birefringence (an)

0 1 2 3 4 5 6
(b) Extension (mm)

Fig. 4 Measurements in the forward direction (y=0 deg) through
clear media of induced (a) retardation § and (b) birefringence An with
phantom extension (strain). The birefringence values were corrected
for lateral contraction due to extension so that they can be used in
Monte Carlo simulations. The unstrained length of the samples is
4 cm.

J1(8,)Vyy
_P

S=tan™
J(8,)V f

4 Results and Discussion

The induced retardation with extension (strain) is shown in
Fig. 4(a) and can be seen to increase linearly. The small non-
zero retardation at zero extension is due to small amounts of
strain on the sample present when clamped to the mount and
translation stage. From the measured retardation, one is able
to calculate the difference in refractive indices from Eq. (3):
however, the contraction (reduction in width) of the phantom
due to the extension must be taken into account as this effec-
tively reduces the path length through the sample. This con-
traction was estimated from the Poission ratio for polyacryla-
mide (the ratio of fractional change in width to fractional
change in lengthm). which was estimated from unpublished
reports and verified with measurements to be 0.33. Practically.
this means that the sample width decreases from [ cm (no
strain) to 0.95 ¢m at maximum strain level (6 mm extension).
This contraction was then taken into account when calculating
the difference in refractive indices using Eq. (3). Figure 4(b)
shows the difference in refractive indices corrected for con-
traction with extension of the polyacrylamide samples. The
variability seen in the measurements is due to slight differ-
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ences in mounting of the samples, slight differences between
batches of samples. and small inhomogeneities in the birefrin-
gence of the samples. Overall, however, variability in batches
is not significant and the samples appear homogeneous as
measurements where made in varying vertical positions. In
addition, the induced birefringence was examined spatially
with crossed polarizers and was seen to be reasonably uni-
form. Based on these methods, we were able to produce phan-
toms with controllable scattering, birefringence, and optical
activity and use the calculated physical parameters of these
phantoms as input into the Monte Carlo model for validation.

The first set of Monte Carlo calculations and experiments
involved validation of birefringence in the presence of scat-
tering (no sucrose). The second set of calculations and experi-
ments involved validation of both birefringence and optical
activity (i.e., staining of samples and added sucrose) in the
presence of scattering. In both cases, Monte Carlo simulations
were run with input parameters matching those present physi-
cally in the fabricated phantoms, as calculated from the pre-
viously described methods. The photon collection geometry
mimics that present experimentally with a detection area of
I mm? (rectangular area now as opposed to the circular ex-
perimental area) and an acceptance angle of 20 deg (slightly
larger than that employed experimentally).

Figures 5 and 6 show the experimentally measured and
Monte Carlo calculated normalized Stokes parameters for two
sets of samples with scattering coefficients of 30 and
60 cm™!, respectively. as a function of strain-induced birefrin-
gence. Measurements and calculated values are shown for
both the forward and lateral detection geometries (y=0 deg
and y=90 deg in Fig. 2) with input right circularly polarized
light (quarter-wave plate before the sample in place, as shown
in Fig. 2). Input circularly polarized light is used as it elimi-
nates the requirement for alignment of the sample’s extraor-
dinary axis with the input light’s polarization to achieve the
maximum effect from the birefringence. In both cases, the
measurements and calculations were performed in the center
of the sample faces. The samples were strained vertically (re-
fer to Fig. 3), creating a vertical extraordinary axis as the
induced retardation varied from =0 to 1.4364 rad (An=0 to
1.628 X 1073). All Monte Carlo simulations were run with 10
photons to achieve reasonably low statistical uncertainties in
the calculated values. The experimental values plotted are the
average from measurements on five samples. In isotropic tur-
bid media (no birefringence) the effect of scattering on the
polarization of the light in both the forward and lateral direc-
tions is a depolarization of the incident circularly polarized
light. As one would expect, higher scattering coefficients re-
sult in greater depolarization. The effect of birefringence on
the polarization becomes evident with increasing birefrin-
gence as a continuous change from the input right circularly
polarized light to linear polarized light at 45 deg (Stokes pa-
rameter U). This is due to the retardation of orthogonal polar-
ization states parallel and perpendicular to the extraordinary
axis in the vertical direction. As this retardation increases with
strain, the polarization begins to transfer from circular to lin-
ear polarization. The sample is in a sense acting as a turbid
variable wave plate with its extraordinary axis in the vertical
direction changing the polarization from circular to linear and
depolarizing the light. The change from circular to linear po-
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Fig. 5 Experimental measurements (symbols) and Monte Carlo calcu-
lations (lines) of the normalized Stokes parameters ¢ (squares and
solid line), u (triangles and dotted line), and v (circles and dashed
line) in the (a) forward (y=0 deg) and (b) lateral (y=90 deg) detec-
tion geometries with input circularly polarized light and a scattering
coefficient of 60 cm™'. Birefringence is varied from =0 1o 1.4364 rad
(An=0 1o 1.628X 107°). Experimental values are the means of mea-
surements on five samples.

larization occurs more rapidly with increasing birefringence
in the forward direction than in the lateral. This is likely a
result of the longer optical path length of light that propagates
directly through the sample, in comparison to that which is
scattered and exits from the side of the samples. From Monte
Carlo simulations, the average photon path length for light
exiting in the lateral direction (y=90 deg) was 1.042 and
1.362 cm for 30 and 60 cm™!, respectively, versus 1.174 and
1.753 cm for 30 and 60 cm™', respectively, for light exiting
the samples in the forward direction (y=0 deg). The longer
path length results in more retardation of the light, as seen in
Eq. (4). and a larger change from circular to linear polariza-
tion. Close agreement can be seen between the Monte Carlo
calculations and experimental results, indicating that the
model correctly simulates the effect of linear birefringence in
the presence of scattering. The calculated root mean square
error (RMSE) between experimental and Monte Carlo calcu-
lations was 0.025 for 60 cm™" and 0.058 for 30 cm™'. The
slightly larger disagreement present between the calculations
and measurements at 30 cm™! is likely caused by a greater
variability in the magnitude of strain-induced birefringence
between samples due to either variation in the mounting of the

January/February 2007 « Vol. 12(1)
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Fig. 6 Experimental measurements (symbols) and Monte Carlo calcu-
lations (lines) of the normalized Stokes parameters ¢ (squares and
solid line), u (triangles and dotted line), and v (circles and dashed
line) in the (a) forward (y=0 deg) and (b) lateral (y=90 deg) detec-
tion geometries with input circularly polarized light and a scattering
coefficient of 30 cm™'. Birefringence is varied from §=0 to 1.4364 rad
(An=0 1o 1.628 X 107°). Experimental values are the means of mea-
surements on five samples.

samples or in the fabrication process. To our knowledge, this
is the first experimental validation of a polarization-sensitive
Monte Carlo model for turbid media incorporating
birefringence.

Monte Carlo simulations and experimental measurements
were then undertaken with turbid samples exhibiting both bi-
refringence and optical activity. As previously mentioned, the
magnitude of chirality-induced optical rotation in biological
tissue is low, of the order of tens to hundreds of millidegrees
per centimeter. This small effect is superimposed on the rela-
tively large retardations (of the order of 180 deg/cm) caused
by linear birefringence due to structural proteins and the large
depolarization due to scattering. Accordingly. the effect of
optical chirality/rotation on the polarization of light in bio-
logical tissue is significantly lower than that of scattering or
birefringence. Figure 7 shows the normalized Stokes param-
eters from Monte Carlo simulations run with increasing mag-
nitudes of optical activity. As before, the calculated values
were in the forward and lateral geometries, the input light was
circularly polarized, and the induced retardation was varied
from 6=0 to 1.4364rad (An=0 to 1.628X 107). The
magnitudes of optical —activity were x=0 degcm™,
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Fig. 7 Monte Carlo calculations with optical activity y=0 deg cm™

(dashed lines), x=0.8194 degcm™  (solid lines), and x
=8.194 deg cm™' (dotted lines) corresponding to 0, 1, and 10 M glu-
cose concentrations, respectively. The normalized Stokes parameters
are plotted in the (a) forward (y=0 deg) and (b) lateral (y=90 deg)
detection geometries with input circularly polarized light and a fixed
scattering coefficient of 60 cm™" for all glucose concentrations. Bire-
fringence is varied from =0 to 1.4364 rad (An=0 to 1.628 X 107°).
Only a small chirality-induced change in ¢ is apparent.

x=0.8194 degcm™', and x=8.194 degcm™" corresponding
to 0, I, and 10 M concentrations of glucose respectively (note
that optical activity due to glucose was used in these calcula-
tions). The index-matching effect of chiral molecules has been
ignored in these simulations to focus on the effects of bire-
fringence and optical activity alone. Often changes in polar-
ization are due to significant changes in the scattering
properties.”‘}7 As seen, the effect of optical activity is small
and generally only evident at a 10 M glucose concentration,
more that 1000 times greater than physiological levels. The
difference caused by this large amount of added glucose (at
least if the refractive index-matching effect is ignored), in
fact, approaches the noise threshold for these calculations in
the case of all Stokes parameters except ¢. The primary effect
of optical activity is an increase in the normalized Stokes
parameter ¢ with increasing birefringence. This increase re-
sults from the interplay of several mechanisms. Optical activ-
ity has no measurable effect on circularly polarized light, as
rotating the plane of circularly polarized light introduces only
a global phase shift, which is normally not detectable. There-
fore, the effect of optical activity is evident only as the input
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Fig. 8 Experimental measurements and Monte Carlo calculations of
the change in the normalized Stokes parameter ¢ with optical activity
(solid lines and squares) and without optical activity (dotted lines and

circles) in the forward (y=0 deg) detection geometry with input cir-
cularly polarized light and a fixed scattering coefficient of 60 cm='.

Birefringence is varied from 8=0 to 1.4364 rad (An=0 to 1.628
X 107%) and the magnitude of optical activity is y=1.965 degcm™'
corresponding to a 1 M sucrose concentration.

light is retarded and transferred from the input circularly po-
larization to linearly polarization. As the light becomes lin-
early polarized at 45 deg (Stokes parameter U) due to the
increasing birefringence, the plane of linear polarization is
rotated due to the optical activity. This manifests as a small
reduction in the normalized Stokes parameter « and an in-
crease in the normalized Stokes parameter ¢. The reduction in
u is small and difficult to see in the plots; however, the in-
crease in ¢ due to rotation can be seen. This increase is not
due to increasing rotation with increasing birefringence but is
due to the increase in the fraction of linear polarization asso-
ciated with the increasing birefringence. In other words, the
total amount of linear polarization increases with increasing
birefringence, and as a result so do the chirality-induced
changes in both ¢ and «. We also see that ¢ increases more
rapidly in the forward direction than in the lateral direction.
As was described for birefringence, this may also be due to
the larger path length traversed by light in the forward direc-
tion, producing a larger retardation and higher fraction of lin-
ear polarization. The longer path length also results in more
optical rotation due to glucose chirality, thus also resulting in
a larger value of ¢ in the forward direction.

To validate these Monte Carlo model predictions with both
birefringence and optical activity, calculations and measure-
ments were compared for samples with 1 M of sucrose (y
=1.965 degem™), the retardation varied from &=0 to
1.4364 rad (An=0 to 1.628 X 107), and a scattering coeffi-
cient of 60 cm™" (the refractive index-matching effect of su-
crose was taken into account in calculation of the required
weight fraction f,, of microspheres). Results for input circu-
larly polarized light and forward detection direction (vy
=0 deg) are shown in Fig. 8. In contrast to the previous cal-
culations, the index-matching effect of sucrose was now taken
into account. Figure 8 shows the change in the normalized
Stokes parameter ¢ (Ag) with increasing birefringence both
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with and without added sucrose. The increase in ¢ from the
induced optical rotation with increasing birefringence, as seen
in the previous Monte Carlo simulations, is also evident. The
calculated and measured values of Ag with no added sucrose
are also plotted to demonstrate the effect of optical activity.
Close agreement is seen between the calculations and experi-
mental measurements, thus indicating that the model correctly
simulates the effects of birefringence, optical activity, and
scattering on the polarization of light. To our knowledge this
is the first polarization-sensitive model to incorporate all three
effects and the first, albeit limited, validation of such a model.
This upgraded model will be used to investigate the poten-
tial for polarized-light-based detection of glucose in biologi-
cal media. In the current validation study. incident circularly
polarized light was used in all simulations and experiments,
however, in future work incident linearly polarized light with
varying orientations with respect to the direction of birefrin-
gence will be investigated. This will be done to test the ability
to quantify optical activity in the presence of birefringence.
Linearly rather than circularly polarized light may prove to be
superior for measuring chirality-induced optical activity as the
effects of optical activity are generally more pronounced. Cur-
rent results with input circularly polarized light demonstrate
that the effects of optical activity can be quantified (change in
¢). however, this was done with knowledge of the direction of
birefringence and with uniform birefringence through the
sample. Future work will investigate the ability to quantify the
effects of optical activity in nonuniform birefringent media
without prior knowledge of the direction of birefringence us-
ing both the Monte Carlo model and polyacrylamide phan-
toms. The spatial and angular dependence of polarization ef-
fects in turbid chiral media will also be examined in the
presence of birefringence. Finally, this upgraded model will
also be used to explore the use of spectroscopic polarimetry
and chemometric analysis to extract the rotation only due to
glucose from that of other chiral species present in tissue.

5 Conclusions

We demonstrate an experimentally validated Monte Carlo
model for polarized light propagation in birefringent. optically
active, turbid media. Birefringence and optical activity are
two common phenomena in biological tissue; therefore the
upgraded Monte Carlo model now more accurately simulates
the interactions of polarized light in tissue. This is particularly
important in the context of turbid polarimetry for glucose de-
tection, as biological tissues are anisotropic, thus exhibiting
linear birefringence. The problem of combining the effects of
birefringence and optical activity in scattering media is re-
solved through use of the Jones N-matrix formalism, giving
the Mueller matrix for the combined effect that can be applied
to photons as they propagate between scattering events. This
formalism also enables the incorporation of other scattering-
independent optical polarization effects such as circular or
linear dichroism. To validate this extended model, polarimet-
ric measurements on light scattered by polyacrylamide phan-
toms with strain-induced birefringence and sucrose-induced
optical activity were compared to Monte Carlo calculations
with similar parameters. The results show close agreement
between experimental measurements and Monte Carlo calcu-
lations, providing strong evidence for the validity of the
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model. To our knowledge. this is the first polarization-
sensitive Monte Carlo model to incorporate the effects of both
birefringence and optical activity in scattering media, and the
corresponding first validation studies.
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Addendum

After this manuscript was published, an error was discovered in range of retardance
values listed for Figures 5 through 8. The retardance range of 6 = 0 to 1.4364 rad was
incorrect and should be listed as 6 =0 to 1.5633 rad. The values of birefringence An used
in the simulations are correct, thus the model generated data and the experimental data
are correct. The error arose when converting from the birefringence values to retardance
values via Eq. 8, as an incorrect pathlength was used. While this error is minor and does
not impact the results or conclusions presented in the previous publication and chapter, it
is noted here for completeness.

As was described in the previous section and publication, a hydrogel based
phantom system was developed for the validation. As with the extended Monte Carlo
model, this phantom system is the first to incorporate the effects of scattering,
birefringence, and optical activity simultaneously. The phantom system is potentially
useful for investigations requiring phantoms involving polarized light in biomedical
optics as many tissues exhibit these three effects. Because of this novelty, the phantom
work was also presented and published separately as a conference proceeding. As this
system has already been described in the above publication, the description is not
repeated here; however, the reader is referred to the conference proceeding for further

information.

Conference — Oral Presentation

M. F. G. Wood, N. Ghosh, X. Guo, and I. A. Vitkin, “Phantoms for Polarized Light
Exhibiting Controllable Scattering, Birefringence, and Optical Activity,” Proceedings of
SPIE, Photonics West, 6870-15 (2008).
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The extended model and developed phantom system represent a more complete
and accurate means of simulating the polarization properties of scattering media, both as
a computer model and experimental phantom. The three most prominent polarization
properties of tissue (scattering, birefringence, and optical activity) can be simultaneously
controlled by both model and phantom, making this platform a flexible and accurate
method for simulation and experimental polarization studies where known/controllable
properties are required. However, the validity of the model and phantom to simulated
biological tissue is somewhat questionable as the scattering mechanisms differ. The
model and phantom are comprised of mono-disperse spherical particles, whereas the
tissue scatterers are irregular in size, shape, and refractive index. That being said, the
extended/developed model and phantom platform better model polarized light in tissue-

like media than those previously employed.
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3. Characterization of myocardial tissue
structure

The current chapter describes the studies of polarized light-based characterization of the
myocardium, in particular, towards potentially monitoring stem cell regenerative
treatments of myocardial infarction. Studies conducted include: (1) a proof-of-principle
study, (2) point and imaging measurements on regenerating myocardium, (3)
investigations on the effect of birefringence orientation and tissue fixation, and (4) a

demonstration of the polarization measurements in vivo with a window chamber model.

3.1 Proof-of-Principle Feasibility Study

Before embarking upon full-scale studies employing polarized light for myocardial
characterization, particularly towards monitoring regenerative treatments, a pilot study
was conducted to demonstrate the ability to characterize myocardial tissue. This study
was conducted in collaboration with Dr. Ren-Ke Li and his regenerative medicine group
at the Toronto General Research Institute. In this study, our ability to differentiate
between healthy and infracted mouse myocardium was demonstrated. This animal study
was conducted under institutional approval (University Health Network, Toronto,
Ontario, Canada).

Myocardial infarctions were induced in two mice (n = 2) by permanent coronary
artery ligation. The animals were sacrificed nine weeks post infarction to allow for the
development of a mature infarct. The hearts were removed, fixed in 10% formalin

solution and sectioned to 300 um sagittally by vibratome (Leica). The fixation was
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performed in order to both preserve the tissue and allow for sectioning. The sectioning
was undertaken so that the thickness would be uniform between measurements, as the
effect of birefringence (retardance) is dependent on the optical pathlength (see Eq. 8), a
constant optical pathlength is required to compare measurements from different samples.
Sectioning also reduces the depolarizing effects of scattering, allowing for a higher
degree of retained polarization and thus more accurate measurements.

Measurements were performed on these samples using the system described in the
previous chapter (see section 3.1 and Figure 2 starting on page 4 in the included
publication) in the direct transmission geometry (y = 0°). The sections were mounted
between a cover slip and glass slide to ensure a uniform thickness and slow tissue
dehydration, and placed in the beam path. Light incident on the samples was right
circularly polarized and the output normalized Stokes vector parameters of the light
interacting with the samples were calculated (Egs. 16 — 18 on page 5 in the publication
from the previous chapter). The retardance of the interacting light was calculated based
on the input light being circularly polarized using the measured normalized Stokes

parameters as

1%

d =tan [—W) (12)

This equation differs from that the method in the previous chapter (Eq. 22 on page 6 in
the publication), as in those measurements the phantom birefringence was assumed to be
only along the orientation of strain (vertically in the measurement plane). For these
measurements an orientation of birefringence in the measurement plane could not be

assumed, necessitating the use of Eq. 12. However, it should be noted that Eq. 12 does
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not account for variations in the birefringence orientation not in the measurement plane;
the effect of this angle variation on retardance measurements will be investigated in 3.4.1.
Five measurements were performed in the infarcted, healthly, and marginal (transition
region between infracted and healthly) regions of each heart.

The means of the five measurements in each region as well as the standard
deviation are plotted in Fig. 8. A large decrease in retardance was measured from the
healthy to marginal regions, with a further decrease in retardance from the marginal to
the infarcted region. This decrease in retardance indicates a loss in tissue organization
associated with infarction thought to be due to the necrois of cardiomyocytes and the
formation of disorganized collagenous scar tissue. In the healthy state, the myocardium is
comprised primarily of highly organized cardiac muscle fibers. This highly organized
state produces high values of birefringence and thus high values of measured retardance.
With infarction, the highly organized cardiac muscle fibers are replaced by disorganized
scar tissue, resulting in much lower values of birefringence and accordingly much lower

values of measured retardance.
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Fig. 8 Retardance measurements on healthy, marginal, and infarcted regions of mouse 300 um
thick myocardium sections.

Based on these results, it is apparent that the healthy mouse myocardium exhibits
significant birefringence. The structural changes in the myocardium associated with
infarction produce a large decrease in birefringence that can be measured using polarized
light as a reduction in retardance. Based on an optical pathlength of at least 300 um
(tissue thickness), and the measured retardance in the healthy, marginal, and infarcted
region of approximately 1.4, 0.5, and 0.2 rad, respectively, the birefringence was
calculated using Eq. 8 as at least An = 4.7 x 10™, 1.7 x 10™, and 6.7 x 107, respectively.
The calculated healthy and infarcted birefringence values compare well with those from a
previous study by Schoenenberger et al.*® where birefringence of healthy and thermally
damaged porcine myocardium was measured using PS-OCT as 6.6 x 10 and 1.8 x 10™

respectively. These encouraging early results motivated further studies, particularly
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towards characterizing myocardial structural changes associated with stem cell

regenerative treatments.

3.2 Point polarization measurements on myocardial tissues

Introduction

Based on the positive results of the proof-of-principle study, further work was conducted
for structural characterization of the myocardium. In this study, measurements were made
on sectioned rat myocardium with induced infarcts where a group of animals had
undergone stem cell regenerative treatment (with an untreated group as a control). The
purpose of this study was to demonstrate the ability of polarimetry methods to
characterize structural remodeling changes in the myocardium as a result of not only
infarction, but regenerative treatment as well.

In addition to investigating the ability of polarimetry to characterize myocardial
remodeling associated with stem cell regenerative treatments, this study also employed a
more sophisticated method of analysis. In the previous section, the tissue-induced
retardance was calculated based on the measured output Stokes vector of the light
interacting with the sample via Eq. 12. While this is suitable as the effects of retardance
on the polarization of the output light are dominant, it does neglect polarization changes
that may be the result of scattering, optical activity, or diattenuation. As such, this
method—while suitable for the previous proof-of-principle study—may well be prone to
error. A more suitable method is to calculate the sample polarization transfer function in
the form of a Mueller matrix and extract the values of retardance from this complete

representation of the sample polarizing effects. The extraction of retardance and other
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individual effects from the measured sample Mueller matrix is nontrivial. However, this
can be accomplished by polar decomposition of the matrix.'*' Previous studies by our
group have validated the used of the decomposition method for multiply scattering media
such as tissue.'”” The validation was conducted using the Monte Carlo model and
polarization phantom model developed in the previous chapter.

The methods involved in this study as well as results are presented in the
following publication. This paper was broadly focused on the use of polarimetry for
tissue characterization and includes sections not relevant to the application of polarized
for myocardial characterization, in particular section 3.2, which focuses on the glucose
concentration determination. This section will be discussed in detail in Chapter 3. I
shared first authorship of this paper with Dr. Nirmalya Ghosh (a post doctoral fellow in
our group); as we contributed equally in performing the experimental measurements and
analysis as well as manuscript writing. The design and implementation of the animal
model was overseen by Shu-Hong Li, a laboratory technician in Dr. Ren-Ke Li’s group at

the Toronto General Research Institute.

Paper

N. Ghosh*, M. F. G. Wood*, S. H. Li, R. D. Weisel, B. C. Wilson, R. K. Li, and 1. A.
Vitkin, “Mueller matrix decomposition for polarized light assessment of biological
tissues,” Journal of Biophotonics 2, 145-156 (2009).
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1. Introduction cidating the three dimensional characteristics of che-

mical bonds [2], uncovering the asymmetric (chiral)
Polarimetry has played important roles in under- nature of biological molecules [3], determining sugar
standing the nature of electromagnetic waves [1], elu-  concentrations in industrial processes [4], quantifying
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protein properties in solutions [5], supplying a variety
of nondestructive evaluation methods [6], developing
advanced concepts such as polarization entropy [7],
contributing to remote sensing in meteorology and
astronomy [8, 9], differentiating between normal and
pre-cancerous cells [10], as well as other biomedical
applications [11, 12]. Traditional polarimetry is well
suited for applications in optically clear media and
for studies of surfaces; however, multiple scattering in
optically thick turbid media such as most biological
tissues causes extensive depolarization that con-
founds the established techniques. Further, even if
some residual polarization signal can be measured
[13], multiple scattering also alters the polarization
state, for example by scattering-induced diattenua-
tion [14] and by scattering-induced changes in the or-
ientation of the linear polarization vector which ap-
pears as optical rotation [15]. Other simultancously
occurring polarization effects further confound quan-
titative polarimetry in complex materials; in tissues,
these include linear birefringence due to anisotropic
muscle fibers and structural proteins, and optical
rotation due to optically active (chiral) molecules and
structures. Thus, although a wealth of interesting tis-
sue properties can potentially be probed with polar-
ized light, accurate measurements and data analyses
leading to unique interpretation of the polarization
parameters are difficult. Hence, a method to account
for the effects of multiple scattering, and to decouple
the individual contributions of several effects occur-
ring simultancously is needed. Although recent work
has shown promise for empirically extracting semi-
quantitative information and relative changes {rom
thick random media under controlled conditions [16—
29], a more quantifiable and generally applicable
technique is required. Here, we describe such a gen-
cralized method for polarimetry analysis in turbid
media based on polar Mueller matrix decomposition.
In addition, we present preliminary results for the use
of this methodology for non-invasive tissue glucose
measurements and monitoring regenerative treat-
ments of myocardial infarction.

2. Methods and materials

2.1. Mueller algebra

The polarization of light is well described cither via
Jones or Mueller matrix algebra [30], although the
latter is preferred when dealing with depolarizing in-
teractions as engendered by multiply scattering med-
ia. Using the Mueller matrix approach, the intensity
and polarization of a light beam are represented by
a 4-clement Stokes vector, S. The first element / re-
presents the intensity of the light beam, the second

clement Q represents the linear polarization at 0°
and 90°, the third element U represents the linear
polarization at 45° and 135°, and the fourth element
V represents the circular polarization. The effects of
the medium under investigation are applied to this
vector with a 4 x 4 Mueller matrix M via,

S, =MxS;, (n
1, (my mp myz my I;
Q, Moy Moy Ny Moy O
= X
U, myy Mz N33y Mg U,
v, Lmyr My myy o gy Vi

—III“[,' + III|3Q,' -+ I)I[}U,‘ -+ I}I|4v,'

_ ol + man Qi + mazU; + mayuV @)
ms L + ms3Q; + myzUs + msy Vo -

L il + mp Qi + myz Ui + mygV

where S, and S; are the output and input Stokes vec-
tors, respectively, and m; are the matrix clements.
The functional forms of M for common interactions
in clear materials are well known, so that a forward
model to predict and analyze polarimetry measure-
ments for transparent media can be readily devel-
oped. Turbidity poses significant challenges through
the complications induced by multiple scattering. In
addition, when several polarizations effects occur si-
multancously: matrix multiplication is generally non-
commutative (MaMp # MgM, ) and, since no unique
order can be assigned to simultancous effects based
on the underlying physics, the matrix-based descrip-
tion yields inconsistent results. An advanced ap-
proach, known as the N-matrix formalism, has been
developed to tackle this non-commutative problem in
clear media [31]. It makes usc of differential matrices
and replaces their product with a summation, which
is then order-independent. We have recently ex-
tended and validated this approach in multiply scat-
tering media, through a forward Monte Carlo-based
model that can quantitatively describe the simulta-
neous cffects of scattering, absorption, linear birefrin-
gence and optical activity [32]. This model is bricfly
reviewed below, as we draw upon it for validating the
polar decomposition method described herein.

The outstanding challenge that we address here
is the corresponding inverse problem. That is, given
a particular Mueller matrix obtained from an un-
known complex system, can it be analyzed to extract
constituent polarization contributions? In tissue the
most common polarimetry effects are depolarization,
lincar birefringence and optical activity [33]. These
often occur simultancously and cach of these, if se-
parately extracted from the “lumped” system Muel-
ler matrix, holds promise as a useful biological me-
tric. For example, chirality-induced optical rotation
can be linked to the glucose concentration in the
medium, and tissue structure anisotropy can be
quantified by polarization birefringence measure-
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ments. Here, we describe such a Mucller matrix de-
composition method.

2.2. Inverse polar decomposition analysis

The Mueller matrix contains the combined effects of
all polarizing properties of the sample. In order to
isolate and quantify cach effect separately, we de-
compose the measured matrix M into the product of
three “basis™ matrices [14, 34, 35],

M = MAMgrMp , 3)

where a depolarizing matrix My accounts for the de-
polarizing effects of the medium, a retarder matrix
Mg describes the effects of linear birefringence and
optical activity, and a diattenuator matrix Mp in-
cludes the effects of lincar and circular dichroism
[34]. Using the known forms of these “basis” ma-
trices, the measured M can be decomposed through a
series of mathematical operations into the three “ba-
sis” matrices [34]. Once calculated, these constituent
matrices are further analyzed to derive quantitative

individual polarization medium properties (Figure 1).
Lu and Chipman initially proposed this approach for
optically clear media [34]. The validity of this ap-
proach in turbid media is demonstrated with both ex-
perimental and simulated data where the constituent
properties are controlled and known a priori.

In biomedical polarimetry, three properties that
are particularly important are depolarization, lincar
birefringence due to structural proteins (tissue aniso-
tropy) and optical activity due to chiral molecules
such as glucose. The depolarization is quantified
through My as the net depolarization coefficient, 4.
The measurable effects of birefringence and optical
activity (linear retardance o and optical rotation
respectively) are contained in Mg. These three quan-
tities are calculated from the elements of the 4 x 4
constituent matrices as [14, 34]

|lr (Mi)i l| i (4)

0 = cos™! (\/(mmz + mR_;;,)z + (mgy — mRz;,)2 - 1) ,
)

A=1-

l (i) Experimental polarimetry system | 4\

Figure 1 Schematic of the turbid
polarimetry platform: (i) experi-
mental system based on polariza-
tion modulation and phase-sensi-
tive synchronous detection, (i)
polarization-sensitive Monte Carlo

(ii) Polarization-sensitive
Monte Carlo model

>N

simulations for forward modeling
of simultancous polarization ecf-

| Stokes parameters [I, Q, U, V]

Stokes parameters [I, Q, U, V]

fects in the presence of turbidity
and (iii) the polar decomposition
of the Mucller matrix to inverse
calculate the constituent polariza-
tion contributions in complex tur-
bid media. In the experimental
system (i): C, mechanical chopper;
Py, P,. polarizers; WP, WP,, re-
movable quarter wave plates; A,
aperture; Lj, L lenses; PEM,
photoclastic modulator; D, photo-
detector;  f., f, modulation fre-
quencies of mechanical chopper
and PEM, respectively. The detec-
tion optics can be rotated by an
angle y around the sample.

Sample Mueller matrix

e

I (iii) Polar decom posmon

1

Mp
Depolarinlkm Rcurdum\- Diattenuation
Matrix Matrix Matrix

Intrinsic polarization parameters 4, 5, y, d
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and caused by thermal effects [36, 37]. However, testing

MRz — MR23
w = tan ! <u> , (6)

MR + MR33

where mpgjj are elements of the retardance matrix
Mg. In addition, the diattenuation d. which is due to
differential attenuation (absorption and scattering)
of orthogonal polarizations for both linear and circu-
lar polarization states, is determined as

2 2 2
\/’”Dlz mps gy, ™)

where mpjj are elements of the diattenutation matrix
Mp.

Note that the matrix multiplication order in Eq. (1)
appears ambiguous so that 6 different decompositions
are possible. However, it has been shown that the ma-
trix product in Eq. 1 or its reverse order (M = Mp Mg
MA) always leads to a physically realizable Mueller
matrix [34]. Most importantly, the derived polariza-
tion parameters particularly useful in tissue character-
ization, 4, 0, and y, are independent of the multiplica-
tion order of the basis matrices in Eq. (1) [34].

d =
mpii

2.3. Polarimetry system

For experimental studies, we use a polarization mod-
ulation and phase-sensitive synchronous detection
approach to measure the small polarization signals
in a large depolarized background, as summarized in
Figure 1. The details have been reported previously
[15, 32]. Briefly, for this particular configuration, the
polarization states are controlled using a polarizer
and quarter wave-plate combination, enabling cither
linear or circular incidence. After interacting with
the sample, the partially depolarized beam in a user-
selected direction (angle y) is modulated using a lin-
carly-birefringent resonant photoelastic modulator
(PEM). The light then passes through an analyzer,
converting the polarization modulation to intensity
modulation detectable by a photodetector. The re-
sultant photocurrent is fed into a lock-in amplifier
synchronous with the PEM modulation frequency
for high signal to noise ratio (SNR) detection of the
surviving polarization states. The Stokes vector of
the output light is directly measured using the first
and second harmonics of the lock-in detected signals
[15, 32]. The complete Mueller matrix can be ob-
tained by cycling the input polarization between four
states (lincar polarization at 0°, 45°, 90°, and right
circular polarization), measuring the output Stokes
vector for each respective input state, and perform-
ing simple algebraic manipulations [34]. Similar sys-
tems with electronically driven optical polarization
modulators have demonstrated long-term instability

our system over extended periods of time (~hours)
have shown that once warmed up (~10 min of op-
cration), it is reasonably resistant to such instability.

For the experimental system, solid optical phan-
toms were developed using polyacrylamide as a base
medium, with polystyrene microspheres to create
turbidity, sucrose to induce optical activity, and me-
chanical stretching to cause linear birefringence al-
lowing full experimental control of all constituent ef-
fects. The model allows for generation of Mueller
matrices for media of any given properties.

2.4. Monte Carlo model

In addition to experimental polarimetry suitable for
highly turbid media, we have also developed and va-
lidated a forward model for polarized light propaga-
tion in turbid media, using a Monte Carlo computa-
tional model [32, 38]. This statistical formalism,
although less rigorous than the electromagnetic field
modeling based on Maxwells equations, is well suited
for describing light interactions with complex ran-
dom media, and can be extended to include polari-
metric descriptors [11, 39-41]. Our polarization-sen-
sitive Monte Carlo model has been further extended
to simulate simultancous polarization effects in the
presence of turbidity, employing the above-men-
tioned N-matrix formalism [31]. This is particularly
important for simulation of biological tissue that of-
ten exhibits several polarization effects simulta-
neously. In the simulation, many photons (107-10")
are tracked individually as they propagate and scat-
ter through the media. Their fates are simulated
using known single-interaction effects, applied in a
statistical sense until they are absorbed or leave the
media of interest. Repeating this process many times
and keeping track of the resultant cumulative values
generates quantities of interest such as Stokes vec-
tors, Mueller matrices, pathlength distributions, and
sampling volumes. The various polarizing effects of
the medium are applied to the photons between scat-
tering events. The Monte Carlo model has proven to
be invaluable for data analysis, system validation,
and guidance/design of experimental systems [42].

2.5. Myocardial samples

To investigate the use of this methodology for moni-
toring regenerative treatments of myocardial infarc-
tion, myocardial samples {rom a rat model of myocar-
dial infarction and regeneration were used. All animal
studies were carried out under institutional approval
from the University Health Network, Toronto, Cana-
da. The heart samples were obtained in an established
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model in which myocardial infarction was induced in
Lewis rats through coronary artery ligation. Mesench-
ymal stems cells transfected with human elastin gene
were administered to the treatment group by intra-
myocardial injection at the site of infracted two weeks
after the ligation procedure. Both the control (n = 4)
and treatment (n = 4) groups were sacrificed after
four weeks and the hearts were removed and fixed in
10% formalin. Finally, the fixed heart samples were
sectioned into one mm thick axial slices and examined
with the turbid polarimeter. It must be noted that
although the tissue fixation process may alter the po-
larization properties of the tissue due to the cross-link-
ing, it was required for tissue sectioning. The potential
effects of the formalin fixation, and ways of climinat-
ing it, are currently being investigated and will be re-
ported in a forthcoming publication.

3. Results and discussion

3.1. Theoretical and experimental validation

This extended Mueller matrix decomposition metho-
dology has seen only initial use in turbid media [14,
43], but has not been rigorously validated. Experi-

mental validation was completed using the previously
described polyacrylamide phantom system [32]. Table
1 shows the Mueller matrix measured in a turbid
media and the corresponding decomposed Ma, Mg
and diattenuation Mp matrices. This medium mimics
the complexity of biological tissues, in that it exhibits
linear birefringence (sample extension by 2 mm for
strain applied along the vertical direction), chirality
(concentration of 1 M of sucrose corresponding to
magnitude of optical activity of y = 1.96°/cm), and
turbidity (1.4 um diameter polystyrene microspheres,
resulting in a scattering coefficient of g, = 30 cm™!
and anisotropy parameter g = 0.95 at 42 = 633 nm).
The measurement was performed in the forward di-
rection (y =07 in Figure 1) through a 1 x 1 x 4cm
phantom. The complicated nature of the resultant
Mueller matrix M, with essentially all 16 non-zero
matrix clements being non-zero, highlights the chal-
lenge of extracting useful sample parameters from
this complex intertwined information. In contrast, the
three basis matrices derived from the decomposition
procedure exhibit simpler structures with many zero
off-diagonal elements, and are directly amenable to
further analysis. Egs. (2)—(5) were applied to the de-
composed basis matrices to retrieve the individual
polarization parameters (0, w, 4 and d). These are
listed in Table 1, showing excellent agreement with
the input values (within £5% for all parameters).

Table 1 7op: The experimentally recorded Mueller matrix and the decomposed matrices for a birefringent (exten-
sion =2 mm), chiral (concentration of sucrose = 1 M, ¥ = 1.96°/cm), turbid (us = 30 em~', g = 0.95) phantom. Bottom: The
values for the polarization parameters extracted from the decomposed matrices via Egs. (2)-(5) (2™ column). The input
control values for linear retardance o and optical rotation y (3" column) were obtained from measurement on a clear
(tts =0 cm™") phantom having the same extension (2 mm) and similar concentration of sucrose (1 M) as that of the turbid
phantom, and corrected for the increased pathlength due to multiple scattering (determined from Monte Carlo modeling).
The expected value for the depolarization coefficient A was determined from the Monte Carlo simulation of the experiment.

M
1.0000  0.0185  0.0029  0.0042
0.0172  0.7569 —0.0405  0.0462
0.0034  0.0524  0.5450 —0.5466
0.0024  —0.0070  0.6244  0.5967
M, Mg Mp
1.0000 0 0 0 1.0000 0 0 0 1.0000  0.0185 0.0029 0.0042
0.0031 0.7577 0 0 0 0.9972  —0.0470  0.0578 0.0185 1.0000 0.0000 0.0000
0.0031 0 0.7745 0 0 0.0742 0.6964 —0.7138 0.0029  0.0000 0.9998  0.0000
—0.0017 0 0 0.8647 0 —0.0067 0.7161 0.6980 0.0042  0.0000 0.0000 0.9998
Parameters Input control values Estimated values
Lincar retardance (0) 0.83 rad 0.79 rad
Optical rotation () 2.14° 2.05°
Depolarization coefficient (4) 0.19 0.21
Diattenuation (d) 0 0.02

www.biophotonics-journal.org € 2008 by WILEY-VCH Verlag GmbH & Co. KGaA. Weinheim
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Figure 2 (a) Lincar retardance, o, and optical rotation, y, estimated from the decomposition of experimentally recorded
Mueller matrices from solid chiral phantoms (y = 1.96°/cm, corresponding to 1 M concentration of sucrose) with varying
degrees of strain-induced birefringence (extension of 0—4 mm, o =0-1.345). Results are shown for both clear
(s =0cm™") and turbid (us =30 cm™', g =10.95) phantoms. The measurements were performed in the forward direction
(y =0°) through a 1 x 1 x 4 cm phantom.

(b) 0 and y estimated from the decomposition of Monte Carlo-generated Mueller matrices from birefringent media (lincar
birefringence An = 1.36 x 1073, corresponding to ¢ = 1.345 rad [4 mm phantom extension] for a path length of 1 cm, An is
anisotropy in refractive indices, the difference in refractive index along the extraordinary axis and the ordinary axis) hav-
ing varying levels of chirality (y = 0. 0.196, 0.392, 1.96 and 3.92°/cm, corresponding to concentration of sucrose of 0, 0.1,

0.2, 1 and 2 M, respectively). Results are shown for both clear (s =0 cm™") and turbid (us = 30 cm™!, g = 0.95) media.

The values for 0 and y determined from the de-
composition of the measured Mueller matrices in
both clear («y = 0 ecm™!) and turbid (g = 30 cm™ !,
g =0.95) optically active (y = 1.96°/cm) phantoms
with increasing birefringence (sample extension of
0—4 mm, 0 = 0-1.345 rad), are shown in Figure 2A.
This is an illustrative data set for forward-detection
geometry only (y=0° in Figure 1); investigations
using other detection directions are in progress, since
these may be more relevant in some specific biome-
dical applications. Again, the values from both clear
and scattering samples are in close agreement with
the controlled experimental inputs (y ~ 1.96° and 0
~ 1.345 rad at 4 mm of extension). Further, the simi-
larity of the derived retardance and optical rotation
in both clear and scattering media suggests that the
depolarizing effects of multiple scattering have been
properly isolated. The small increases in both linear
retardance and optical rotation in the presence of
turbidity are caused by the increase in optical path-
length due to multiple scattering, resulting in slight
accumulations of 0 and y values (at least for this
y =0° detection geometry [34]). Figure 2B shows
the derived linear retardance ¢ and optical rotation
w parameters, using Monte Carlo generated Mueller
matrices, and with the chiral molecule concentration
as an independent variable. Again, both the clear
and turbid values compare well with the input param-
eter values (0 ~ 1.4 rad and y ~ 1.96° at 1 M su-
crose), demonstrating the self-consistency of the de-
composition analysis and successful decoupling of
the effects. Note that none of these trends could be

gleaned from the lumped Mueller matrix, where at
best one would have to resort to semi-empirical
comparison of changes in sclected matrix clements,
which contain contributions from scveral effects [15,
32]. Derivation and quantification of the absolute
lincar retardance o and optical rotation y values is
cnabled exclusively by the decomposition analysis.
Based on these and other continuing studies [43],
this approach secems to be valid for complex turbid
media, and so may be applicable to studies of biolo-
gical tissues, which is our primary goal.

3.2. Determining intrinsic optical activity:
measurement of glucose in tissue

An example of an important biomedical application
is the quantification of the small optical rotations due
to blood glucose in diabetic patients. Several different
optical-based techniques have been investigated for
this application, but none have provided a clinically
useful solution to date [44]. The optical rotation due
to glucose being a chiral molecule may, in principle,
provide the sensitivity and specificity required. How-
ever, a major stumbling block is that the optical rota-
tion due to chiral substances is swamped by the much
larger changes in the orientation angle of the polari-
zation vector due to scattering [15]. Hence, it is thus
essential to isolate the optical rotation caused exclu-
sively by glucose (or other chiral molecules of inter-
est) from this background apparent rotation. The
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Figure 3 Calculated optical rotation, y (derived from the
decomposition of Monte Carlo generated Mueller ma-
trices: solid circles), of scattered light emerging in the back-
scattering direction as a function of distance from the cen-
ter of the incident beam in a chiral (y =0.082°/cm,
corresponding to 100 mM concentration of glucose) isotro-
pic turbid medium (us=30cm™!, g=0.95, thickness
t=1cm). The corresponding scattering-induced rotation
of the polarization vector derived from the Stokes param-
cters of scattered light (for incident Stokes vector [1 0 1 0]
T) is shown by open circles. The inset shows the backwards
detection  geometry. The chirality-induced rotation ap-
proaches zero in the exact backscattering direction (X =0,
data not shown).

above matrix decomposition methodology can per-
form this task, as shown in Figure 3. This shows the
variation in the derived optical rotation y in the
backward direction (y ~ 180°, a gecometry that is con-
venient for in vivo applications) as a function of the
distance from the center of an incident beam in a
chiral turbid medium (y = 0.082°/cm, corresponding
to 100 mM concentration of glucose, u; = 30 cm™!,
g = 0.95, thickness = 1 cm). As can be seen, changes
in the polarization caused by scattering are manifest
as large apparent optical rotations [14, 15]. Decompo-
sition analysis reveals that the effect is due to lincar
diattenuation (the difference in amplitude between
the scattered light that is polarized parallel to and
perpendicular to the scattering plane). This con-
founding effect is due mainly to the backscattered
photons and gradually decreases as one goes away
from the exact backscattering direction.
Decomposition of the Mueller matrix can thus
decouple the irrelevant (chirality-unrelated) rotation
from the much smaller y rotation values caused by
the circular birefringence of the medium. In combi-
nation with photon path-length distributions from
Monte Carlo simulations [42], we are currently in-
vestigating methods for extracting the true chiral
molecule concentrations from derived optical rota-
tions. Spectroscopic-based polarimetry combined

with chemometric regression analysis [45] is being
investigated to isolate the rotation due to glucose
from that caused by other chiral constituents [44].

3.3. Myocardial tissue monitoring for regen-
erative treatments

The anisotropic organized nature of many tissues that
stems from their fibrous structure leads to linear bire-
fringence (or linear retardance), manifest as anisotro-
pic refractive indices parallel and perpendicular to the
fibers. Muscle fibers and extra-cellular matrix proteins
(such as collagen and elastin) exhibit such linear bire-
fringence [33]. Changes in this anisotropy resulting
from discase progression or treatment response can
alter the optical birefringence properties, making this
parameter a potentially sensitive probe of tissue sta-
tus. For example, upon suffering an infarction, a por-
tion of the myocardium is deprived of oxygenated
blood and subsequently cardiomyocytes die, being re-
placed by the fibrotic (scar) tissue [46]. Current meth-
ods to characterize the structure of the myocardium
measure mechanical changes (e.g., clastography [47])
or clectrical changes (e.g., impedance [48]). Recently,
stem cell based regenerative treatments for myocar-
dial infarction have been shown to reverse these
trends by increasing the muscular and decreasing the
scar tissue components [49-51]. These remodeling
processes likely affect tissue structural anisotropy, and
polarized light may offer a sensitive probe into the
state of the myocardium after infarction and report on
the success of regenerative treatments. This could be
an invaluable quantitative and objective research tool
in animal models and could be implemented via fiber-
optic catheters in patients. As in other applications,
these small birefringence alterations must be de-
coupled from the other confounding polarization ef-
fects that are present in the composite signals of the
measured Mueller matrix elements.

Using the experimental turbid polarimetry set-up
shown in Figure 1, we measured the Mucller matrices
in transmission mode through 1-mm thick ex vivo
myocardial samples from Lewis rats harvested after
myocardial infarction, both with and without stem cell
treatments. These were analyzed by the decomposi-
tion method to obtain o values (Figure 4). A large de-
crease in linear retardance is seen in the infarcted re-
gion of the untreated myocardium (Figure 4a) due to
the native, well-ordered anisotropic structure being
replaced by disorganized isotropic scar tissue. An in-
crease in o towards the native (pre-infarct) in levels is
seen in animals receiving stem cell therapy (Fig-
ure 4b) which leads to re-growth and re-organization
of the damaged tissue, as indicated by the increased
retardance levels. Shown in the bar graph of Figure 4c
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arce the mean linear retardance values from measure-
ments of treated and untreated heart groups in the in-
farcted and normal regions. Statistically significant
(p = 0.03) differences in derived retardance values
exist between normal and infracted regions, and be-
tween infracted regions with and without stem-cell
treatments. An increase in retardance in the infarcted
regions of the treated hearts indicates reorganization
and re-growth, as confirmed by a histologic examina-
tion. Of interest to note in these tissue measurements
is that light absorption was present [52], as opposed to
the phantom and Monte Carlo studies which had no
absorption. While absorption does not affect the de-
composition process, it does influence the polarization
parameters. This is due to the reduction in the average
optical pathlength through the medium (due the pre-
ferential absorption of longer path photons), resulting
in different polarization values relative to a similar
non-absorbing medium (specifically, lower values of
optical rotation and retardance and higher surviving
degree of polarization).

These intial ex vivo studies demonstrate the po-
tential of polarimetric moitoring of myocardial tis-
sues following stem cell therapy. Current work is di-
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Lincar retardance o derived from
transmission polarization measure-
ments in l-mm-thick sections from
Lewis rat hearts following myocar-
dial infarction. (a) untreated tis-
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Error bars represent the standard
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hearts are

rected towards developing an in vivo measurement
system based on these principles using diffusely re-
flected light.

4. Conclusions

A Mueller matrix polar decomposition methodology
has been validated and explored in chiral birefringent
turbid media, including biological tissues. The indivi-
dual polarization effects can be successfully decoupled
and quantified, despite their simultaneous occurrence,
even in the presence of the numerous complexities
due to multiple scattering. This opens the door for a
variety of powerful, noninvasive polarimetry-based
techniques for biomedical applications, of which we
have illustrated two important examples.
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Addendum

In this study the first, to our knowledge, polarimetry measurements were conducted on
infarcted and regenerating myocardial tissue. The partial rebound of retardance values
after stem cell treatment indicates reorganization of the tissue and demonstrates potential
for the technique to monitor regenerative treatments. The Mueller matrix decomposition
employed for measurement analysis is a more robust method for retardance determination
then the Stokes vector analysis conducted in the previous proof-of-principle study. The
ability of the decomposition method to separately quantify all polarization parameters of
tissue makes it versatile tool for tissue polarization analysis, as was demonstrated in the
paper by the glucose monitoring application (which will be expanded upon in Chapter 4).
While the point measurements made in this study can be used to provide somewhat
localized retardance measurements, the measurements are the average of a relatively
large volume when compared to the size of a rat heart. Full spatial mapping (i.e.,
imaging) would be advantages as this would allow for investigations of the birefringence
variations throughout the myocardium. Additionally, the physiological changes leading to
the changes in myocardial anisotropy require investigation, ideally in a non-destructive

manner. Both these outstanding issues will be investigated in the next section.

3.3 Imaging polarization measurements on myocardial tissues

Introduction
The previous section presented results from point measurements on healthy, infracted,
and regenerating regions of rat myocardial tissue. The spatial variations of birefringence

in the myocardium between and within these regions are also of interest. The point
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measurements represent a volume average made by the incident beam and the light
collection optics (in the case of the previous study an approximately 1 mm® volume). Any
birefringence spatial variations within this volume cannot be discriminated. In the
previous study point measurements were preformed at varying positions around the wall
of the myocardium and plotted as a function of angular positions (see Figure 4 on page
61), but these provide very low resolution (> 1 mm?).

To overcome this limitation, a Mueller matrix imaging system was developed and
used to image infracted and regenerating rat myocardial sections. Point measurements
were also made in healthy, infracted, as well as marginal (region surrounding the infarct)
and compared to the imaging results. As in the previous study, polar decomposition was
used to extract the retardance induced by the samples. Nonlinear microscopy,
specifically, two-photon excited fluorescence (TPEF) and second harmonic generation
(SHG) were also preformed on the myocardial sections to gain physiological insight
regarding the specifics of the structural changes in tissue, in particular changes in
anisotropy. These nonlinear microscopy techniques allow for imaging of endogenous
two-photon fluorescence from cardiac muscle and endogenous second harmonic
generation from collagen. Finally, conventional histology was also performed (Mason’s
trichrome) and compared with polarimetry and multiphoton microscopy. The methods
and results are presented in the following paper; preliminary results were also presented
at a conference and in the corresponding proceeding.

I conducted all experimental measurements and analysis, with assistance from Dr.
Nirmalya Ghosh. Marika Wallenburg, a Master’s student in our laboratory, performed the

nonlinear microscopy. Shu-Hong Li again conducted the design of the animal model.
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Abstract. Myocardial infarction leads to structural remod-
eling of the myocardium, in particular to the loss of cardi-
omyocytes due to necrosis and an increase in collagen
with scar formation. Stem cell regenerative treatments
have been shown to alter this remodeling process, result-
ing in improved cardiac function. As healthy myocardial
tissue is highly fibrous and anisotropic, it exhibits optical
linear birefringence due to the different refractive indices
parallel and perpendicular to the fibers. Accordingly,
changes in myocardial structure associated with infarction
and treatment-induced remodeling will alter the aniso-
tropy exhibited by the tissue. Polarization-based linear bi-
refringence is measured on the myocardium of adult rat
hearts after myocardial infarction and compared with
hearts that had received mesenchymal stem cell treat-
ment. Both point measurement and imaging data show a
decrease in birefringence in the region of infarction, with
a partial rebound back toward the healthy values follow-
ing regenerative treatment with stem cells. These results
demonstrate the ability of optical polarimetry to character-
ize the micro-organizational state of the myocardium via
its measured anisotropy, and the potential of this approach
for monitoring regenerative treatments of myocardial

infarction. © 2010 soc iety of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.3469844]
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1 Introduction

Cardiovascular disease is the number one cause of death with
an estimated 17.5 million deaths worldwide each year, ac-
counting for some 30% of all deaths." Myocardial infarction

1083-3668/2010/15(4)/047009/9/$25.00 © 2010 SPIE
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(commonly referred to as heart attack) is the leading cause of
cardiovascular disease-related death with an estimated 7.5
million deaths each year, accounting for some 12% of all
deaths." Most often a myocardial infarction is caused by an
occlusion (blockage) of a coronary artery as a consequence of
atherosclerotic plaque. The resulting ischemia causes necrosis
of the affected myocardial cells and formation of fibrotic scar
tissue. The infarction leads to remodeling of the myocardium,
specifically expansion of the infarct, ventricular dilation, thin-
ning of the ventricular wall, and scar formation, which in turn
cause disruption of normal cardiac function.

The potential for stem cells to form any differentiated cell
type in the body has led to investigation of use for a variety of
degenerative diseases.™ The use of stem cells for myocardial
regenerative therapy in particular has been actively pursued,
as it has been shown in some clinical trials to improve cardiac
function.™ A wide variety of donor stem cell types have been
investigated for use in the myocardium, including skeletal
myoblasts, mesenchymal stem cells, bone marrow stem cells,
and adult cardiac stem cells. While debate continues as to the
primary mechanisms for the improvement in function, it is
generally attributed to  the reduction in deleterious
remodeling.”

This remodeling involves changes in the myocardial con-
tent and structure, particularly necrosis of cardiomyocytes and
an increase in collagen associated with scar formation.” As
stem cell therapy alters this remodeling, a decrease in the
collagen content and an increase in cardiac muscle has been
measured in regenerating infarcted myocardium.” The struc-
tural organization of the myocardium also changes signifi-
cantly with infarction and stem-cell-derived regeneration.
Healthy heart tissue is comprised primarily of well-organized
aligned arrays of cardiomyocytes, while the collagen in the
infarcted scar tissue is largely disorganized. The anisotropic
nature of fibrous tissues, such as healthy myocardium, results
in a directionally varying optical refractive index (different
refractive indices along the length of the fibers versus perpen-
dicular to the fibers) referred to as linear birefringence. The
infarcted scar tissue, on the other hand, is largely isotropic
with its chaotic orientation of collagen stands, and accord-
ingly should exhibit lower values of linear birefringence com-
pared to healthy tissue. Polarimetry may thus be a useful ap-
proach to quantify these microstructural tissue anisotropies,
and in particular to monitor changes in their values following
regenerative (stem-cell-based) therapies, thus providing po-
tential functional feedback on their effectiveness. We have
recently reported polarimetric initial measurements on rat
myocardial tissues with induced infarction and regenerative
treatment.'™"" Here, we expand on this initial study by per-
forming polarization imaging in addition to point measure-
ments; we also use nonlinear optical microscopy to provide
additional insight into the causes ol the observed polarization
signals and the meaning of the observed trends.

Birefringence is a measure ol structural anisotropy, and
causes light polarized along the different refractive indices in
the medium to propagate at different speeds, resulting in a
change in relative phase, referred to as the retardance . The
retardance is related to the underlying birefringence by
6=2mAnd/ N\, where An is the birefringence (difference in
refractive indices), N is the wavelength of the light, and d is
the distance the light has propagated through the medium (op-
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tical path length). This change in phase leads to a net change
in the overall polarization of the light, specifically a transfer
between linear and circular polarization states, which can be
measured as part of the overall polarization properties of the
sample and used to calculate the retardance. To calculate the
intrinsic birefringence of the sample, one must know the dis-
tance the light has propagated, a value often not known «a
priori, particularly in highly scattering media such as tissue;
however, the retardance can be used as a measure of tissue
anisotropy if the propagation distance is constant between
measurements, as any difference in retardance will be due to
birefringence only. Differences in optical properties of
healthly versus infarcted myocardial can alter the optical path
length: however, large magnitude changes in birefringence
will still dominate the measured retardance.

Multiple elastic scattering of light in tissue rapidly depo-
larizes a polarized input beam. However, sufficient polariza-
tion is maintained in diffuse transmission through thin tissue
layers (1 to 3 mm), or in diffuse reflection geometries from
tissues of any thickness, to enable quantitative
polarimetery.'”"* We thus hypothesize that polarized light bi-
refringence measurements can be used to characterize the
structural anisotropy of heart tissue and differentiate between
healthy, infarcted, and regenerating myocardium, with further
potential for monitoring regenerative treatments. This study is
part of our initial investigations'™'" employing fixed and sec-
tioned myocardial tissue, moving toward potentially applying
this approach on bulk (unsectioned) samples, and ultimately
in vivo. The ability to monitor the structural anisotropy of the
myocardium would be useful through fiber optic devices in
assessing longitudinally the structural remodeling that occurs
with infarction and regenerative treatments, particularly with
regards to a specific treatment’s ability to alter these remod-
eling processes. Previous studies involving polarized light
microscopy'* and polarization-sensitive optical coherence to-
mography (PS-OCT)"™'® have investigated the utility of po-
larized light to characterize the myocardium and its response
to infarction. In these studies, a reduction of birefringence
was measured in the infarction. The PS-OCT studies are of
particular interest with regards to potential application in vivo,
as they offer depth resolution (though limited to less than
2 mm in depth) and can be catheterized. However, no studies
to date have used polarized light to characterize myocardial
response to regenerative therapies.

A variety of optical methods are being proposed and inves-
tigated for monitoring various aspects of stem cell cardiac
therapy."” These include bioluminescence imaging for cell
tracking,"  near-infrared  spectroscopy for monitoring
perfusion,” and laminar optical tomography for monitoring
eleclrophysiology,:“ among others."” Currently, however, no
optical method exists—apart from polarized-light-based
techniques—for assessing the structure of myocardium, par-
ticularly with regards to the structural remodeling that occurs
with infarction and regeneration, with the potential to be em-
ployed in vivo on bulk tissues. Other nonoptical modalities
such as ultrasound elastography®' and electrical impedance
mapping™ do provide information on the structural state of
the myocardium. However, neither of these techniques pro-
vides information on the organizational structure of the tissue,
but rather on the elastic and conductive properties, respec-
tively. Diffusion tensor magnetic resonance imaging provides
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information regarding fiber organization and orientation,” but
currently is limited to ex vivo tissues and suffers from lower
spatial resolution than optical methods. Thus, polarized-light-
based birefringence measurements, if’ successful, may enable
previously unavailable assessment of myocardial organiza-
tion.

In this work, we expand on previous findings involving the
use ol  polarization  measurements in  myocardial
characterization;'™"" in particular, we investigate polarization
retardance imaging in addition to point measurements, and
employ statistical significance testing. The outline of this
work is as follows. An overview of the point measurement
and imaging polarimetry systems used in this study is given,
along with the polar decomposition methods for analyzing the
measured polarimetry data. Nonlinear microscopy was used to
complement the polarimetry results and to understand the
causes of the measured birefringence signals, and is described
next. Specifics of the animal model used for myocardial inf-
arction and stem cell regeneration are reviewed. Finally, the
birefringence point measurements and imaging results, and
the nonlinear microcopy findings, are then presented, inter-

preted, and discussed. The work concludes with a summary of

the findings and an outline of future research directions.

2 Methods and Materials

2.1 Polarimetry Systems

Point and imaging polarimetry systems were employed in this
study. The former provides a high signal-to-noise ratio (SNR)
polarimetric signal, while the imaging system, although hav-
ing a lower SNR, allows spatial mapping of polarization val-
ues. Both systems measure the polarization of the light that
has interacted with a sample, yielding results in the form of a
Stokes vector, a description of the polarization state of the
light. In addition, the polarization properties of the sample,
described by its polarization transfer function in the form of a
Mueller matrix, can also be measured by varying the input
polarizations and measuring the respective outputs.”* Specifi-
cally, a Stokes vector S=(IQUV)" is a four-element vector
describing the polarization of a beam of light. Its element /
represents the overall intensity of the beam, Q gives the in-
tensity of linear polarization along horizontal and vertical
axes (with respect to an arbitrary reference frame), U gives
the intensity of linear polarization at *+45 deg, and V gives
the intensity of light that is circularly polarized. Analogously,
a Mueller matrix M is a 4 X4 matrix describing the effects a
particular optical element has on the polarization of the input
light. The two descriptors are linked in the so-called Mueller
calculus: given a beam with a Stokes vector S; impinging on
an optical element with a Mueller matrix M, the light output
from that element will have its polarization described by a
Stokes vector as S,=MS;.

A schematic of the point measurement system is shown in
Fig. 1. The beam from a HeNe laser at 632.8 nm passes
through a mechanical chopper operating at f,.=300 Hz for
intensity modulation, then through a linear polarizer and quar-
ter wave plate to control the polarization of the light incident
on the sample by adjustment of their orientations. After inter-
acting with the sample, light in the forward (20-deg solid
angle) direction is collected with a lens and passes through a
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Fig. 1 Schematic of point measurement polarimetry system. C, me-
chanical chopper; Py, P,, polarizers; Wv!' W’,_., quarter wave plates
(W, is removable); A, aperture; L, L,, lenses; PEM, photoelastic
modulator; D, avalanche photodiode; and fc, fp, modulation frequen-
cies of mechanical chopper and PEM, respectively.

removable quarter waveplate oriented at —45 deg. The col-
lected beam then passes through a photoelastic modulator
(PEM, 1S-90, Hinds Instruments, Hillsboro, Oregon), a lin-
early birefringent resonant device operating at f,=50 kHz.
The optical axis of the PEM is oriented at O deg and its mag-
nitude of retardation is modulated according to the sinusoidal
function Sppp= 9, sin w,r, where w,=27f,, and J, is the
user-specified amplitude of maximum retardation. When the
removable quarter wave plate is in place, the Stokes vector
parameters Q and U (linear polarization) are modulated; when
removed, the Stokes vector parameter V (circular polariza-
tion) is modulated. Finally, the beam passes through a linear
analyzer oriented at +45 deg, converting the polarization-
modulated light into intensity modulated light at 50 kHz (and
its harmonic at 100 kHz), and is detected with an avalanche
photodiode (APD C5460, Hamamatsu, Hamamatsu City, Ja-
pan). The resulting photocurrent is then sent to a lock-in am-
plifier for high SNR synchronous detection, with the reference
signal toggled between 300 Hz, 50 kHz, and 100 kHz.

The specifics of the signal analysis can be found in previ-
ous publiculions.:"‘% Briefly, the normalized Stokes param-
eters (¢q=Q/1, u=U/I, and v=V/I) of the light that is col-
lected from the sample are calculated from the synchronously
detected lock-in amplifier signals at the first harmonic of the
chopper frequency V. (300 Hz), and the first and second
harmonics of the signal at the PEM frequency Vg, and Vs,
(50 and 100 kHz, respectively). When the detection quarter
wave plate is in place, the normalized Stokes parameters ¢
and u are calculated from

— A’; (1
21,8V,
and
Vay
—r— 2

u= N
V21(8)Vie

where J,(8,) and J5(8,) are the first- and second-order Bessel
functions evaluated at the user-selected PEM amplitude of
maximum retardation. When the detection quarter wave plate
is removed, the normalized Stokes parameter v can then be
calculated as

©)
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By cycling through four different input polarization states,
specifically linear polarizations at 0, 45, and 90 deg, and cir-
cularly polarized light (either right or left) denoted as H, P, V,
and R, respectively, and measuring the corresponding output

|
E(IH+ 1)
1 ) 1
E(QH+ Qy) 5
M(i.j) = |
E(UH+ Uy) 5
| 1
E(VH+ V\) 5

where the indices i and j denote the rows and columns, re-
spectively. From this experimentally determined Mueller ma-
trix, the sample polarizing properties, including birefringence,
can be calculated, as shown in the later section on Mueller
matrix decomposition.

A polarimetry imaging system was also developed for spa-
tial mapping of polarization parameters, as shown in Fig. 2.
The input beam from a diode laser at 635 nm (Thorlabs,
Newton, New Jersey) first passes through a linear polarizer,
removable quarter wave plate, and an aperture to control the
beam polarization and width (approximately 1 ¢cm diam) be-
fore being incident on the sample. A diode laser was em-
ployed rather than the HeNe used for point measurements, as
additional power was required for a wide beam. After inter-

acting with the sample, the light passes through a pair of

lenses to collect and focus the beam, as well as a removable
quarter wave plate and a linear analyzer to allow for intensity
detection of the output linear polarizations by a charge-
coupled camera (CCD) camera (CoolSNAP K4, Photometrics,
Tucson, Arizona) with 2048 X 2048 pixels. 7.4X7.4-um?’
pixel size, and field of view approximately 2 X2 cm?. The
input beam was angled slightly off axis (7 deg) to avoid any
directly transmitted light saturating the CCD. This imaging
system does not employ synchronous lock-in detection, so the
SNR of this system is reduced compared to the point measure-
ments. Work is currently underway to incorporate synchro-
nous measurements.

By using this imaging system, full Stokes parameters can
be measured. By rotating the analyzing polarizer and inserting

Py Wnu//tsample kil CCD
Diode Laser /\, /\/‘:U:O:— - ..I
e e e B L

Fig. 2 Schematic of imaging polarimetry system. P, P,, polarizers;
W,,1, W, removable quarter waveplates; A, A,, apertures; and L,
L,, lenses.
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polarization states, the Mueller matrix of the sample can be
calculated. Specifically, the measured outputs states for the
four subscripted input states are combined to calculate the 16
elements of the sample Mueller matrix as

L= M(1.1)

V,=M(4,1) Vp—M(4,1)

the quarter wave plate, the Stokes parameters Q and U can be
measured from the detected intensities as,

0= deg T Lyg deg» )
U=15 gep = 1155 deg- (6)

and
V'=1owis0 dee = Towoo dees (7

where the subscripts indicate the orientation of the analyzer,
and QW in the subscript indicates that the detection quarter
wave plate is in place. The measured Stokes parameters for
each appropriate input state can then be used to construct the
4 X4 Mueller matrix, although the necessary Mueller matrix
elements to determine retardance can be obtained from the top
left 3 X 3 matrix.”’

2.2 Mueller Matrix Decomposition

The Mueller matrix measured with either system describes the
combined effects of all the polarizing properties of the
sample. In the case of biological tissues, these effects are
depolarization (due to scattering), optical activity, and bire-
fringence. These effects occur simultaneously in tissue, mak-
ing their unique quantification nontrivial, particularly as tissue
is a turbid depolarizing medium. To quantify each of the ef-
fects separately (in this case, we are specifically interested in
linear birefringence), it is possible to decompose the mea-
sured matrix M into the product of three basis constituent
matrices, ™’

M =M MM, (8)

where the effects of depolarization are accounted for in the
depolarizing matrix M. the effects of linear birefringence
and optical activity (circular birefringence) are described by
the retarder matrix My, and the effects of linear and circular
dichrosim are described in the diattenuator matrix M. M can
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be decomposed through a series of algebraic operations into
these three basis matrices, using the method first described for
clear media by Lu and Chipman.”® We have adapted this ap-
proach for optically turbid media with simultaneously occur-
ring polarization effects.”” While the multiplication order in
Eq. (7) appears ambiguous (matrices in general do not com-
mute under multiplication, so that AB #BA), it has been
shown that this product or its reverse order always leads to a
physically realizable Mueller matrix.”**"*" The validity and
accuracy of this approach in turbid media has been previously
demonstrated with both simulated and experimental data.™ In
addition, the use of the top left 3 X 3 submatrix in the decom-
position process for determining sample birefringence proper-
ties has also been previously demonstrated.”’

The measurable effect of birefringence, linear retardance
8, is contained in My and can be calculated from its elements

28

as

8= cos {[(mpan + mgs3)* + (mgss — mg>3) 1" = 11, (9)

where np;; are the elements of My. The decomposed values
for linear retardance were recorded for the myocardial
samples in this study for both point and imaging measure-
ments. If the optical path length d is known, the measured
retardance can be used to calculate the sample birefringence,
as is possible with PS-OCT measurements. However, in our
case d is not known due to scattering. Although we have used
a polarization-sensitive Monte Carlo model to estimate the
effective path lengths in various geometries and with different
sample optical properlies."‘:'“ we chose here to report the re-
tardance values in this study and did not attempt to deduce the
underlying birefringence, as optical scattering and absorption
properties of the myocardial tissue are not known. To com-
pare retardance measurements, the propagation distance was
held constant by performing measurements through samples
sectioned to uniform thicknesses.

2.3 Multiphoton Microscopy

To determine the underlying microstructural, morphological,
and compositional causes for the observed polarization sig-
nals, multiphoton microscopy was performed on the cardiac
samples. Second harmonic generation (SHG) was used to im-
age the extracellular collagen matrix, while two-photon ex-
cited fluorescence (TPEF) was used to image cardiomyocytes.
This label-free microscopic and nondestructive approach
yields inherently coregistered images of the collagen and the
cardiomyocyte compartments, thus giving useful information
on cardiac tissue microstructure and composition, including
the infarction and regeneration processes.

Images were acquired with a confocal microscope (Zeiss,
LSM 510 META NLO, Oberkochen, Germany) using a 20X
0.75-NA dry objective. The excitation wavelength was set to
840 nm using a tunable Ti:sapphire laser (Chameleon, Coher-
ent Incorporated, Santa Clara, California). The SHG signal is
emitted at half the excitation wavelength, 420 nm, while the
TPEF signal is emitted at longer wavelengths above about
440 nm. Two wavelength filters were used to spectrally sepa-
rate the signals: 398 to 430 nm for SHG, and 430 to 463 nm
for TPEE. While fluorescence is also emitted at wavelengths
greater than 463, this narrow wavelength range was chosen so
that the TPEF signal would have approximately the same in-
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Fig. 3 Schematic of rat heart showing location of axial section and
schematic of a section.

tensity as the SHG signal. Both SHG and TPEF signals were
recorded in the back-scattered direction with a spectral detec-
tor. In all figures, the SHG signal is shown in green pseudo-
color and the TPEF signal is shown in red pseudocolor. The
imaging resolution was 0.45 X 0.45 pm per pixel with a field
of view of 460 pm X460 pum?. The images were taken at a
depth of approximately 50 pm from the surface of the
sample, with the depth of focus being 1 pm.

2.4 Myocardial Tissues

To investigate the utility of birefringence measurements for
monitoring regenerative treatments, samples from a rat model
of myocardial infarction and regeneration were used. All ani-
mal studies were carried out under institutional approval (Uni-
versity Health Network, Toronto, Canada).

Myocardial infarctions were induced in adult Lewis rats by
coronary artery ligation. One group of animals was used as a
control (n=4), while mesenchymal stem cells were adminis-
tered to a treatment group (n=3) by intramyocardial injection
into the site of infarction, two weeks postligation. Both con-
trol and treatment groups were sacrificed four weeks postinf-
arction (2 weeks post-stem-cell injection for the treatment
group), at which time the hearts were removed, fixed in 10%
formalin, and sectioned by a vibratome to I-mm-thick axial
sections, as shown in Fig. 3. This sectioning was done to
reduce the effects of excessive depolarization by multiple
scattering in thick tissues. These 1-mm sections were also
used for multiphoton microscopy. We chose transmission ge-
ometry for this initial study for ease of measurement and in-
terpretation; polarization measurements in thick tissues (in re-
flection geometry) are being initiated. It should also be noted
that the tissue fixation process may alter the birefringence
properties of tissue through protein cross-linking, so that the
absolute values derived in this study can have a systematic
offset. However, this should not affect the observed relative
changes in birefringence and trends therein. The effects of
formalin fixation on tissue birefringence are currently being
investigated. To perform the measurements, the sections were
mounted on a glass microscope slide and placed horizontally
in the beam path. To ensure that the tissues did not dry out,
the measurements were performed quickly (less than 5 min).
All measurements were performed at room temperature
(25 °C). As the field of view for the multiphoton microscopy
images is small relative to the size of the samples, whole slice
histology was also conducted. One sample from each group
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Fig. 4 Results of point measurements; error bars are = one standard
deviation. Results are for control (n=4) and stem-cell-treated (n=3)
animals. * denotes statistical significance (p<0.05) with respect to
the corresponding control. Note the increase in retardance (birefrin-
gence) with stem cell treatment.

was embedded in paraffin, stained with Masson’s trichrome,
and sectioned to 5 um for histological examination. This en-
abled whole slice comparison between polarization and his-
tology with regards to myocardial composition.

3 Results and Discussion
3.1 Point Retardance Measurements

Results from point retardance measurement on the control and
treated tissues are shown in Fig. 4. For each sample, measure-
ments were performed in the healthy (region distal to the in-
duced infarct), marginal (region adjacent to the induced inf-
arct), and infarcted scar region. Cardiology experts identified
these regions based on ventricular wall thinning; the infarc-
tion can also be clearly identified by the histology images in
Fig. 5 based on collagen content. In each of these regions, five
measurements were made at different positions. The results
are the mean of all measurements in that region for all
samples within each group.

As expected, the myocardium exhibits significant birefrin-
gence, particularly in the healthy regions where retardance
values of up to 1.4 radians were measured. If one assumes the
light propagation distance to be at least the tissue thickness

(1 mm), this corresponds (o a birefringence value of

An=14x107* which is comparable to other organized
tissues.™ A large reduction in retardance was measured in the
infarcted regions compared to the healthy tissue values, indi-
cating a loss of tissue anisotropy and organization most likely
due to the loss of cardiomyocyte fibers and their replacement
with collagen-rich scar tissue. The normal myocardial tissue is
comprised of highly organized cardiomyocytes surrounded
with a fibrotic extracellular matrix, which results in a highly
anisotropic structure; conversely, the infarction is primarily
disorganized scar tissue comprised of randomly oriented, and
thus optically isotropic, collagen fibers. The marginal regions
represent a mixture of organized myocytes and disorganized
collagen scar compartments, resulting in reduced retardance,
although not as low as the scar tissue. These tentative inter-
pretations are tested and confirmed by histology in Fig. 5 and
the findings of nonlinear microscopy, as discussed in Sec. 3.3.

The tissue response to regenerative treatment is seen as a
statistically significant rise (p <<0.03, calculated using a two-
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Fig. 5 Representative retardance images for (a) control and (b) stem-
cell-treated sections with corresponding Masson’s trichrome stained
histology images (collagen in blue, muscle in red). Retardance values
are given in racians. (Color online only.)

tailed Student’s t-test) in the measured retardance in the inf-
arcted regions, as well as an apparent rise (although not sta-
tistically significant) in the marginal region. The addition of
stem cells to the infarcted regions results in remodeling of the
scar tissue, specifically a reduction in collagen and regrowth
of myocytes leading to an improvement in cardiac function.
This remodeling results in increased tissue anisoptropy and
organization, manifesting as an increase in the retardance but
without complete recovery to the normal tissue value. This is
consistent with typical myocardial regenerative treatments, as
full functional recovery is generally not achieved.” These re-
sults are consistent with our previous point measurements
where a reduction in birefringence was measured with infarc-
tion, and an increase was also measured with regenerative
treatment. '’

3.2 Retardance Imaging

Point polarimetry measurements, sampling approximately
2- to 4-mm? volumes of tissues,”** likely suffer from sam-
pling bias in the heterogeneous, spatially varying tissues. To
better understand how the birefringence values vary spatially
in myocardial samples, 2-D retardance images were taken of
all samples from the control (n=4) and treatment (1n=3)
groups. A retardance image from each group is shown in Fig.
5, together with Masson’s trichrome stained histology from
the respective sample for comparison. The retardance images
show similar trends, as seen in the point measurement results,
although some variation was seen as expected (difference in
measurement geometry and spatial heterogeneity in tissue op-
tical properties). The retardance is significantly reduced in the
region of infarction and increases through the marginal region
to higher levels in healthy tissues. In addition, the birefrin-
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gence in the region of infarct increases with treatment. A re-
duction in ventricular thickness in the infarct and an increase
in thickness with treatment are also visible. The histology
images show the healthy myocardium to be nearly entirely
composed of muscle (stained red) and little to no collagen
(stained blue). This is in sharp contrast to the infarct, which is
almost entirely comprised of scar collagen. Some muscle tis-
sue can be seen in the infarct region of the treatment sample,
likely as a result of stem-cell-induced regeneration. These im-
aging results are similar to our previous imaging study,"
where a decrease in retardance with infarction and increase
with treatment were also measured.

Considerable spatial variation is seen in the birefringence
images: not only do the values change from infarct to normal,
but also within each region as well. In general, higher values
are measured in the middle of the myocardial wall, with lower
values toward the edges. This is likely due to the change in
orientation of the myocyte fibers through the wall, which un-
dergo a 180-deg rotation from the outside of the ventricle to
the inside™: on the inside and outside of the ventricle, the
fibers are oriented perpendicular to our imaging plane, while
in the center of the ventricular wall the fibers are parallel to
the imaging plane. Hence, the retardance values are generally
lower on the outside and inside walls, since the axis of bire-

fringence (direction of the fibers) is along the direction of
light propagation, and greater in the center where the axis of

birefringence is perpendicular the direction of propagation. To
investigate this further, we are currently examining the effects
of birefringence axis orientation, and its spatial variation
throughout the samples.

The spatial variations in the samples could be compounded
by retardance phase wrap-around. Since retardance is a mea-
sure of the phase difference between two orthogonal polariza-
tions states, once these states have gone out of phase by more
than 77 radians, the retardance will wrap-around and decrease.
However, a wrap-around correction algorithm™ was em-
ployed to detect and appropriately modify any retardance val-
ues that have undergone wrap-around. Details on the algo-
rithm can be found in the reference. Additional intersample
variations can arise [rom the uncertainty in the angle at which
the samples were sectioned. As mentioned previously, higher
retardance values are measured when the fibers are oriented
parallel to the measurement plane than when the fibers are
perpendicular.

Overall statistics from the images are shown in Fig. 6.
Values are the mean and standard deviation of pixel retar-
dance values from the entire healthy, marginal, and infarcted
regions of all images for each group. The mean measured
retardance values in the images are generally higher than the
point measurements, most likely due to the difference in mea-
surement geometry (input imaging beam is 7-deg off-axis)
and the use of wrap-around correction. Reassuringly, the over-
all trend is similar to that of the point measurements. A sta-
tistically significant (p<<0.05, calculated using a two-tailed
Student’s t-test) increase in the retardance was measured in
the infarction relative to the control in stem-cell-treated
samples, again indicating reorganization of the tissue through
remodeling. The margin values remain fairly constant from
aroup to group, while the retardance values in healthy regions
increase {rom the control to the treated samples, although this
increase was not found to be significant (p>0.05). The dif-
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Fig. 6 Mcan = one standard deviation retardance pixel values from
retardance images from health, marginal, and infracted regions. Re-
sults are for control (n=4) and stem-cell-treated (n=3) animals.
* denotes statistical significance (p <0.05) with respect to the corre-
sponding control.

ference in retardance values between infarcted and healthy
regions is somewhat lower than for the point measurements,
likely due to the point measurements from the healthy regions
being made in the center of the myocardial wall, where the
retardance is the highest, while the image statistics are calcu-
lated from pixels averaged across the whole thickness of the
myocardium. Also, differences in SNR can contribute to these
discrepancies.

As considerable spatial variation is seen across the sections
in the retardance images, the location of point measurement
even within a specific region (i.e., healthy region, marginal
zone, or infarcted tissue) can greatly influence the results.
Thus, care must be taken when interpreting point measure-
ments, as a single value may not be representative of the
region. We are currently conducting further studies of the re-
tardance variations, specifically by measuring the orientation
of the birefringent axis and relating this to fiber orientations,
as previously mentioned.

3.3 Nonlinear Microscopy

The underlying morphological, microstructural, and composi-
tional changes responsible for the measured changes in bire-
fringence were investigated using nonlinear microscopy, spe-
cifically SHG for collagen and TPEF for cardiomyocyte
imuging.l” Representative images from healthy and infarcted
regions of a control sample are shown in Figs. 7(a) and 7(b),
respectively, while a region of regenerating infarction is
shown in Fig. 7(c).

The normal region of the control sample shows primarily
highly organized cardiac muscle fibers and occasional col-
lagen fibers, as expected, since collagen comprises less than
2% of healthy myocardial dry weighl."’7 This correlates well
with the histology shown in Fig. 5, where healthy myocar-
dium contains little collagen. Thus, the healthy tissue can be
considered to consist primarily of the cardiomyocytes, with
interspersed small amounts of collagen, as seen in Fig. 5(a).
This is in sharp contrast to the infarcted region where the
opposite is true—the tissue is comprised primarily of scar
collagen with decreasing amounts of surviving cardiomyo-
cytes present. This again correlates well with histology shown
in Fig. 5, where in contrast to the healthly myocardium, the
infarction is nearly entirely composed of collagen. Regions in

July/August 2010 « Vol. 15(4)
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Fig. 7 Representative nonlinear microscopy images from (a) healthy,
(b) infracted, and (c) regenerating regions of myocardial samples. The
TPEF signal from cardiomyocytes is shown in red pseudocolor, and
the SHG from collagen is shown in green pseudocolor. (Color online
only.)

the infarction image where no signals (neither SHG nor
TPEF) were measured likely correspond to regions of myo-
cyte necrosis. The cardiomyocyte compartment has been
largely replaced by the collagen compartment due to myocyte
death and the resulting collagen scar formation throughout the
necrosed tissues. While the collagen fibers in the infarcted
region do exhibit some local organization, the overall struc-
ture of the tissue is disorganized compared to the healthy
tissue. The difference in measured retardance from these two
regions is as expected due to the necrosis of the highly orga-
nized muscle fibers with high anisotropy, and the partial re-
placement of these fibers with scar collagen, which overall is
relatively isotropic with accordingly low birefringence.

The regenerating infarcted tissue from the treatment
sample shows collagenous scar tissue and reorganized col-
lagen fibers, as well as muscle fibers that have likely regrown
in the region. As the tissue is more organized than the scar
tissue in the control infarction region, the higher retardance

measured in these regions correspond to the reorganization of

the tissue through remodeling (regrowth of myocytes and re-
duction in collagen), as reflected in the corresponding trend
toward increasing anisotropy. Both cardiomyocyte and col-
lagen compartments are present in the regenerating tissue; this
is shown by the histology in Fig. 5 as well, where the regen-
erating scar tissue does contain some muscle. The cardiomyo-
cyte compartment has infiltrated the scar collagen compart-
ment due to the growth of the injected stem cells into cardiac
muscle, and has possibly stimulated regrowth of cardiac
muscle cells from the surrounding tissues. While the sampling
volumes for the microscopy and polarimetry measurements
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are quite different, the fact that these morphological changes
can be observed through polarimetry measurements demon-
strates the potential of this technique to monitor regenerative
treatments.

4 Conclusions and Future Work

We demonstrate the ability to characterize myocardial tissue
using birefringence measurements, both in point sensing and
large-area imaging modes. Specifically, changes in birefrin-
gence associated with structural remodeling due to myocar-
dial infarction and regenerative treatments are successfully
measured, showing potential for this technique to monitor
these regenerative treatments. A decrease in birefringence is
measured from healthy to infarcted myocardium; subse-
quently, an increase in birefringence (p=0.04) is measured in
the infarctions that had undergone stem cell treatments. As the
structural state and organization of the myocardium can be
indicative of its functional state, the measurements of struc-
tural anisotropy via birefringence can be useful for monitoring
of stem cell regenerative treatments. Conventional histology
and label-free nonlinear microscopy are used to understand
the underlying causes of the birefringence signals and aid in
interpreting the signal trends. Work is currently underway in
adapting these techniques to bulk tissues where transmission
measurements are no longer feasible. This will require the use
of diffuse reflectance polarization measurements and likely
multiple spatially resolved measurements or polarimetry im-
ages to quantify tissue retardance. To aid these studies, work
is underway in developing an imaging system with a SNR
comparable to the point measurement system.

Additional work is also planned for monitoring the retar-
dance in strained ex vivo myocardial tissue, simulating a con-
tracting heart, as the birefringence will likely change under
strain. This may provide additional structural and elasto-
graphic information concerning the myocardium, as different
tissue states (i.e., healthy, marginal, infarcted, and regenerat-
ing) will respond differently to applied strain. Extending these
techniques to in vivo measurements will involve a number of
challenges, including cardiac motion, spatial localization, and
delivery of the probe to the myocardial wall (most likely via a
catheter). We are currently developing a rigid probe suitable
for limited in vivo measurements (e.g., externalized heart),
with further probe development currently in the planning
stages. To our knowledge, this and our previous work"? are
the first studies of polarization birefringence measurements
for differentiating healthy, infarcted, and regenerating myo-
cardial tissue.
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Addendum

In addition to performing polarimetry measurements on the control and stem cell treated
groups covered in the preceding publication, measurements were also conducted on a
third group (n = 4) that had undergone treatment with mesenchymal stems cells
transfected with the human elastin gene. The addition of elastin to the second group was
hypothesized to increase elasticity in the regenerating tissue,'* and accordingly enhance
cardiac function, as decreased elasticity in infarcted myocardium is one of the causes of
decreased functionality. This study was part of collaborative work investigating the use
of transfected human elastin gene in cardiac stem cell therapy. While these measurements
were completed at the same time as those previously presented, the results were not
included in the manuscript because they are currently in preparation for separate
publication.

The results of point measurements on healthy, marginal, and infarcted regions of
rat myocardium for control (no treatment), stem cell treated, and treatment with stem
cells transfected with elastin are shown below in Fig. 9. This figure is analogous to Fig. 4
from the publication, except measurements on stem cells transfected with elastin gene are
now included for comparison. The measured retardance in the infarcted region of the
hearts treated with stem cells transfected with elastin was significantly higher (p < 0.05,
calculated using a two-tail students t-test) than control (p = 0.01) and significantly higher
than the stem cell treated group (p = 0.032). This indicates an increased preservation
and/or regeneration of myocardial structural organization associated with the expression
of elastin in the infarction, suggesting treatment with these modified stem cells results in

more beneficial remodeling of the myocardium. The expression of elastin in the infarct,
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assuming the elastin fibers are arranged in an organized manner, will contribute to the
overall birefringence and thus increase the measured retardance. It is interesting to note in
Fig. 9 that the retardance values in the healthy region decrease slightly with treatment
(although not statistically significantly). This may be due structural remodeling in the

regions remote to the infarct, however, this has yet to be shown.
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Fig. 9 Results of point measurements, error bars are the standard deviation. Results are for control
(n=4), stem cell treated (n = 3), and stem cell transfected with elastin treated (n = 4) myocardial
samples. Asterisk denotes statistical significance (p < 0.05) with respect to the control. Note the
additional increase in retardance (birefringence) with elastin transfection.

Polarimetry imaging results on a sample from this additional group are shown in Fig. 10
along with corresponding histology (Masson’s trichrome). The full image statistics for
mean retardance values in healthy, margin, and infarcted regions from all groups are
plotted in Fig. 11. A further increase in mean retardance was measured from stem cell
treated group to the elastin-transfected group; however unlike the point measurements,
due to a large variance in the retardance values for the elastin-transfected group, the

increase failed statistical significance testing (p > 0.05) over both the control and stem
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cell treated group. In spite of this, the rise may still be indicative of further remodeling
and/or preservation of tissue organization and anisotropy due to the expression of elastin.
Interesting to note in the histology image is the presence of significant collagen (blue) in
the healthy regions of the myocardium. This is in contrast to the histology shown in the
paper where very little collagen was present in the healthy regions. The reason for this
additional collagen is unknown, but may be due to cardiac remodeling as result of the

infarction and therapy.

5 mm

(a) (b)

Fig. 10 Representative retardance image (a) for a stem cell transfected with elastin treated section
with corresponding Masson’s trichrome (b) stained histology image (collagen in blue, muscle in
red). Retardance values are given in radians.
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Fig. 11 Mean + one standard deviation retardance pixel values from retardance images from
health, marginal, and infracted regions. Results are for control (n = 4), stem cell treated (n = 3),
and stem cell transfected with elastin treated (n = 4) animals, * denotes statistical significance (p

< 0.05) with respect to the corresponding control.

A representative SHG and TPEF microscopy image of the regenerating region of
a heart section treated with stem cells transfected with elastin is shown below in Fig. 12
courtesy of Marika Wallenburg. When compared to the images in Fig. 7 (On page 76)
from the publication in this section, the myocyte and collagen organization and content
are similar to those in regenerating myocardium (c), indicating regeneration and
reorganization due to treatment. It is difficult to determine if any additional regeneration
was present as a result of elastin expression as the field of view for the microscopy
images is small compared to the size of the regions of infarction. The hypothesis that the
addition of elastin will result in additional regeneration due to increased elasticity is
supported by the polarization measurements as a higher retardance is measured.
However, as quantitative results from these mircroscopy images are difficult due to a

small sampling area, these results do not provide enough information to support the
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hypothesis. The similarity of this nonlinear microscopy image to that for other
regenerating samples at least verifies that regeneration due to this stem cell treatment
results in similar morphological changes, specifically, increase in myocyte content and

reorganization/reduction of collagen.

Fig. 12 Representative nonlinear microscopy image from infarcted regions of myocardial sample
treat with stem cells transfected with elastin. The TPEF signal from cardiomyocytes is shown in
red pseudo-color and the SHG from collagen is shown in green pseudo-color.

In this study we demonstrated the potential for polarized light in monitoring
regenerative treatments of myocardial infarction using both point and imaging systems.
In addition, the underlying physiological changes leading to the loss of anisotropy with
infarction and re-establishment/perseveration of anisotropy with stem cell treatment were
investigated with nonlinear microscopy and conventional histology. While these positive
results are motivating future work, several outstanding issues remain that require

investigation. The first is the influence of the orientation of birefringence in scattering
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media such as myocardium on the measurement of retardance, and the second is the
effect of formalin fixation on tissue birefringence. Both these issues will be addressed in
the following section. In addition, the measurement and analysis techniques have not
been tested in a living system, thus their applicability in vivo is unkown. Accordingly, the

final section of this chapter presents an in vivo demonstration of these techniques.

3.4 Influence of birefringence orientation and tissue fixation

3.4.1 Orientation of birefringence

The measured retardance is a function not only of the magnitude of birefringence, but
also of the orientation the birefringent axis makes with respect to the direction of the
light’s propagation. The effect is concisely described by Egs. 2 and 4 in the publication
portion of Chapter 2, which gives the difference in the refractive index seen by the
photon, An, where 6 is the angle between the photon’s propagation direction and the
orientation of the extraordinary axis. These equations effectively describe that in a
birefringent medium, as the angle between the propagation direction and extraordinary
axis is reduced from 90 deg to 0 deg, the birefringence seen by the photon is reduced
from n, — n, to 0. This has impact on the measurement of retardance from myocardial
samples as the orientation of muscle and collagen fibers varies spatially in the
myocardium, as was described in the publication portion of section 3.3 (page 75). As
such, the measured retardance is not always indicative of the magnitude of birefringence,
as it is also influenced by the orientation of the extraordinary axis with respect to the light

propagation direction. While this issue does not negate the previous results—it is unlikely
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that infarction leads to uniform gross fiber reorientation—further research is required for
the comprehensive interpretation of results.

To investigate the influence of birefringence orientation in scattering media, a
Monte Carlo study—using the upgraded model—simulating the thin myocardial sections
used in the previous studies was completed. The model geometry and parameters are
summarized in Fig. 13. The sample was specified as an infinite slab 1 mm thick, with
optical properties mimicking myocardial tissue'** (scattering coefficient u; = 160 cm™,
absorption coefficient u, = 0.5 cm™, and anisotropy g = 0.9) and birefringence An = 1.4 x
10 (the value estimated from our previous studies). The orientation of the extraordinary
axis was varied from the y-axis (0 deg) to the z-axis (90 deg) by an angle @ in 15 deg
increments (results would be identical if the birefringence orientation was varied from the
x-axis to the z-axis). The polarized beam (pencil beam, 632.8nm) was input along the z-
axis, thus the orientation of birefringence was varied from being perpendicular to parallel
to the direction of the input beam. Photons were collected in a rectangular area of 1 mm®
in direct transmission with an acceptance angle of 20 deg to mimic previous experimental
point measurements. Simulations were run with varying states of input polarization in
order to construct the sample Mueller matrix (Eq. 4 from the publication portion of
section 3.3, page 72), for light passing through the sample in the forward direction from
the detection area within 20 deg acceptance angle. From this Mueller matrix the value of
retardance was calculated via Mueller matrix decomposition (Eq. 9 from the publication

portion of section 3.3, on page 73).
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Fig. 13 Monte Carlo simulation geometry. The medium was defined as an infinite slab in the x-y
plane with optical properties mimicking the myocardium. The orientation of birefringence was
varied from along the y-axis to the z-axis by angle ¢.

The calculated retardance as a function of extraordinary axis angle ¢ is plotted in
Fig. 14 below. As expected, the induced retardance declines (from 1.39 to 2.2 x 10~ rad)
as the extraordinary axis is varied from being perpendicular to parallel with the input
beam. This is due to the lower magnitude of birefringence seen by the majority of the
photons as they propagate through the medium. For comparison, an identical simulation
was also run with no birefringence (An = 0) yielding a retardance of 1.57 x 10~ rad
(birefringence noise floor for these simulations), only slightly less than the value when ¢
=90 deg. This indicates that when the orientation of the fast axis in along the direction of
input light propagation, even in scattering media, the effect of birefringence is nearly

negligible in the forward direction.
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Fig. 14 Monte Carlo simulated retardance values as a function of birefringence orientation ¢ (0
deg, perpendicular to input beam, 90 deg, parallel to input beam).

Practically, for the interpretation of previous measurements on thin myocardial
sections, this confirms our suspicion that low values of measured retardance do not
necessarily indicate lower birefringence levels, and could instead simply reflect the
orientation of the myocardial structure. This was seen in the previous section where lower
values of retardance were measured near the inside and outside walls of myocardium
where the myocyte fibers are suspected to be approaching perpendicularity with the input
beam.'?® This variation of the retardance through the healthy myocardial wall is likely
due to this variation in fiber orientation and presents a challenge to quantifying structural
anisotropy based on retardance measurements, as spatial variations may be due to muscle
or collagen fiber orientation, not intrinsic variations of birefringence. In spite of this,
overall retardance values measured using either the point system or averaged from the

retardance images are high when compared to infarcted regions. As well, the retardance
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values measured in the infarcted regions do not exhibit this variation through the
myocardial wall; in contrast, these values are uniformly low throughout the region. This
gives an indication that the low retardance values measured in the infarct are not due to
fibers being orientated parallel to the input beam, but rather due to the true intrinsic low
tissue anisotropy. This is supported qualitatively by nonlinear microscopy where the
structure of the infarcted tissue exhibits less anisotropy than healthy tissue.

To remove this dependence on birefringence orientation, a method to determine
3D orientation of the axis of birefringence was developed—based on aquiring two
angularly resolved images—by Marika Wallenburg, a Masters student in our group.'?® In
this technique two images are acquired by polarized light transmission through a sample,
similar to the imaging approach in the publication portion of section 3.3 (page 72), with
the sample rotated by an angle of ~12 deg between each image. For each image, the
retardance and apparent direction of birefringence are calculated and, based on the
change in sample orientation between the measurements; the intrinsic retardance and 3D
orientation of the axis of birefringence are determined. While the applicability of this
technique to bulk tissues—where transmission measurements are not possible—is

questionable, the technique certainly has utility for ex vivo tranmission measurements.

3.4.2 Tissue fixation

In order to preserve the tissue used in the previous studies, all samples were fixed in 10%
neutral buffered formalin solution. Fixation was additionally required for vibratome
sectioning of tissues in order to ensure sufficient rigidity for cutting. However, the effect

of fixation on the polarization properties of tissue is largely unknown. Formalin preserves
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or fixes tissue by cross-linking amino groups in proteins with surrounding nitrogen atoms
in protein or DNA; in addition, formalin is a disinfectant as it kills most bacteria and
fungi. As this cross-linking alters the native structure of tissue, the birefringence—as well
as other optical properties—may well be modified. Previous studies investigating the use
of formalin fixed tissues for OCT studies have shown no change in effects for
polarization-sensitive OCT'?’ while others employing non-polarization OCT have
measured an increase in scattering as well as tissue shrinkage.'*® As the effect of fixation
on tissue birefringence is of particular interest, we performed a study to quantify any
changes in optical polarization properties.

Fresh pig hearts, acquired from a local butcher, were used as myocardial samples
for this study. The samples were immediately cut by hand into thin sections
approximately 1 mm thick and 1 x 1 cm’ in area. The thin sections were mounted
between a glass side and cover slip, and imaged using the polarization imaging system
presented in the publication portion of section 3.3 (page 72). Once imaged, the tissues
were fixed in 10% neutral buffered formalin solution. The measurements were then
repeated on each fixed tissue section, one day and six days post-fixation. The Mueller
matrices were derived for each image pixel, and using polar decomposition the linear
retardance and depolarization were calculated. These values were then averaged over the

imaged region of tissue.
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Fig. 15 Percent change (relative to fresh) of mean linear retardance and depolarization of porcine
myocardium 1 day and 6 days post fixation. Error bars are the standard deviation.

Results from measurements on porcine myocardium before and after fixation are
shown in Fig. 15 as the percent change one day and six days post fixation. Percent change
rather than actual change in retardance are displayed as the thickness of the hand cut
tissue sections was variable between samples and making the measured retardance values
difficult to compare, as the optical pathlength will vary between samples. Both the
retardance and depolarization increase after fixation, by 14% and 17% change
respectively, with the retardance remaining relatively constant from one day to six days
post fixation, and the depolarization undergoing a further increase up to 23% change. In
addition, a mass increase of 3% (most likely due to increased water retention as the tissue
were stored in formalin solution) and a volume increase of 4% were also measured after
fixation.

The increase in both retardance and depolarization after fixation can in part be

accounted for by the increase in volume, resulting in a longer optical pathlength,
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however, the volume increase is small (only 4%) compared to increases in measured
retardance and depolarization. Assuming isotropic volume expansion, this corresponds to
a thickness increase of only ~1.3%. Thus, the increases in retardance and depolarization
must be due to underlying changes in the tissue structure.

Previous studies have measured an increase in tissue scattering as a result of
fixation, due to the cross-linking of proteins creating a more highly scattering media.'’
We confirmed these optical property measurements on porcine myocardial using an
double-integrating-sphere total reflection and transmission measurements and a Monte
Carlo generated look-up table.'” The scattering coefficient measurements showed an
increase from 92 cm™ in fresh tissue to 132 cm™ with fixation at 635 nm (the absorption
did not change with fixation). This accounts for the increase in depolarization, as
increased scattering will lead to more randomization of incoming polarized light. In the
case of retardance, the intrinsic birefringence may be increased as a result of protein
cross-linking leading to a more anisotropic (more organized) arrangement of heart muscle
fibers. This is partially supported by the fact that formalin fixation increases the strength
and rigidly of tissue. Additionally, the increase in scattering due to fixation results in a
longer optical pathlength, which in turn can result in increased retardance as the photons
now travel a longer distance through the tissue (Eq. 8). At present, the cause for the
increase in birefringence is unclear; it may be an intrinsic birefringence increase, the
effect of additional scattering, or a combination of both. However, with regards to
measurements on fixed versus fresh myocardium, we can conclude that the polarization
properties are not radically altered by fixation. To our knowledge these are the first

measurements investigating the effects of formalin on tissue polarization properties.
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Fig. 16 Percent change (relative to fresh) of mean linear retardance and depolarization of porcine
liver 1 day and 6 days post fixation. Error bars are the standard deviation.

These measurements were repeated on porcine liver as a relatively low
birefringent control following the same procedure as previous described. The percent
change for birefringence and depolarization for one day and six days post fixation are
shown above in Fig. 16. As was the case for the heart, an increase in both retardance and
depolarization was measured after fixation, a percent change after one day and six days
of 38% and 51% respectively. The increase in retardance for liver is interesting—while
the retardance measured from the liver samples was low when compared to the
myocardium (an average of 15 deg for liver compared to 200 deg for myocardium), a
similar percent increase in retardance was still measured. As was previously discussed for
the myocardium, this increase is likely due to the cross-linking of proteins producing a
more organized and rigid tissue and/or the increase in tissue scattering as a result of
fixation. A much larger increase in depolarization was measured after fixation for liver

than for myocardium (23% for myocardium compared to 51% for liver); while this
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increase is again likely due to the increase in scattering as a result of fixation, these
results do suggest that the effects of formalin fixation maybe unique to the type of tissue.

The results of this study indicate that while the fixation process does alter the
tissue birefringence and scattering, the increase, particularly for retardance in porcine
myocardium is relatively small (~15% change after six days). With regards to our
previous studies involving formalin fixed myocardium, this indicates that the retardance
values measured are close to that of non-fixed tissue, and moreover, that the use of
formalin likely does not impact the overall trends suggested by the results.

The work was carried out with Nasit Vurgun, a summer student in our laboratory,
who conducted the experimental measurements, while I completed all other aspects of
this study. This work is currently being prepared for publication as a technical note for

Physics in Medicine and Biology.

3.5 Proof-of-Principle in vivo characterization of dermal tissue
structure

Introduction

All tissue studies in the previous sections were conducted on ex vivo tissues. Thus, our
polarization detection and analysis methodologies have not been tested for use in a living
biological system. To correct this, a study was conducted to investigate, first, if our
methods of polarimetry measurement and analysis could extract polarization parameters
from living tissue, and second, if physiological changes in tissue structure could be
measured in living tissue. This investigation was conducted as a proof-of-principle

towards performing tissue structural characterization in vivo, in particular, for the
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application of polarimetry in monitoring tissue regeneration, but with potential for other
applications as well.

For this study a dorsal skinfold window chamber mouse model was employed,'*°
as this model provides an easily accessible region of relatively optically thin (~500 um)
tissue, through which polarization transmission measurements can be performed. To
induce a measurable physiological response, collagenase was injected into a region of the
window chamber to denature dermal collagen and thus degrade the tissue extra-cellular
matrix. This denaturation of collagen results in tissues structural changes similar to those
that occur with myocardial infarction, specifically, a loss of tissue anisotropy. A region in
the window chamber distal to the collagenase injection was left untreated as a control.
Tissue birefringence and depolarization were measured using the point system before and
after treatment with collagenase for both the treatment and control regions. Details on the
methods and results are presented in the following publication.

I shared first authorship of this paper with Dr. Nirmalya Ghosh (a post doctoral
fellow in our group). We contributed equally in performing the experimental
measurements and analysis as well as in manuscript writing. Dr. Eduardo Moriyama
implemented the window chamber animal model and assisted with the experimental

measurements.

Paper

M. F. G. Wood, N. Ghosh, E. H. Moriyama, B. C. Wilson, and 1. A. Vitkin, “Proof-of-
principle demonstration of a Mueller matrix decomposition method for polarized light
tissue characterization in vivo,” Journal of Biomedical Optics 14, 014029 (2009).
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1 Introduction

Many tissue constituents, including collagen, muscle fibers,
keratin, and glucose, interact with polarized lighl.I Changes in
tissue structure, in particular collagen content and organiza-
tion, are associated with a number of p;llhologies.:“‘ The abil-
ity to extract individual polarization properties from tissues
has a number of biomedical applications, including measure-
ments of tissue organization and anisotropy via birefringence,
and the changes in these following various treatments, as well
as determining concentrations of optical active molecules
such as glucose via optical rotation. However, light scattering
in the visible-near-infrared wavelength range complicates the
extraction of important polarization information in tissue, due
to the resulting depolarization and alteration of the incident
polarized light. In addition, as several polarizing effects in
tissue occur simultaneously, they must be individually decou-
pled and recovered from the overall measured polarization
signals.

To perform quantitative polarimetry in tissue, a method of
extracting individual polarization effects in the presence of
scattering must be employed. We have previously reported a
sensitive polarimetry pl;lll‘ornf that measures low polarization
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signals from scattering media, and employs a polar Mueller
matrix decomposition method to decouple the combined
effects” from the experimentally obtained Mueller matrices.
Presently, to demonstrate this approach in vivo, we report on
intravital measurements in a dorsal skin window chamber
mouse model, using collagenase to induce changes in tissue
structure and anisotropy (birefringence). The skin window
chamber model is suitable for birefringence modulation via
collagen alterations, as collagens are the main skin compo-
nent, accounting for ~60% of the dry weight.’

2 Materials and Methods
The polarization of light is well described through either
Jones or Mueller matrix ulgebru.7 However, the latter allows
for depolarization interactions and so is preferred for tissue
polarimetry. In this approach, a four-element Stokes vector S
describes the intensity and polarization of the light beam. The
transfer function of the Stokes vector for the light propagation
through a medium that alters the polarization state is repre-
sented as a 4 X4 Mueller matrix M. The interaction with any
medium is described by S,=MS;, where S; and S, are the
input and output Stokes vectors, respectively.

To measure the polarization effects in optically turbid
samples, including tissues, we have developed a sensitive
Stokes polarimeter system.” Briefly, this employs polarization

1083-3668/2009/14(1)/014029/5/$25.00 © 2009 SPIE

January/February 2009 « Vol. 14(1)
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Fig. 1 (a) Schematic of the measurements system and the polar decomposition method: C, mechanical chopper; P1 and P2, linear polarizers; WP1

and WP2, quarter waveplates; PEM, photoelastic modulator; L1 and L2, lenses; APD, avalanche photodiode; f, and f

N modulation frequencies of

mechanical chopper and PEM, respectively. (b) Photograph of the dorsal skin flap window chamber model in a mouse. Measurements were made
in two regions (collagenase treated on the upper right, and control on the lower left) through the window chamber. In this photograph, the beam
is incident in the treatment region showing the approximate region of measurement. Also note the increase in blood content in the treated region.
(c) Photograph of the experimental system, showing the mouse with its implanted window chamber in the path of the interrogating beam.

modulation using a photoelastic modulator (IS-90, Hinds In-
struments Hillsboro, Oregon) and synchronous lock-in detec-
tion (SR830, Stanford Research Systems, Sunnyvale, Califor-
nia), allowing sensitive low-noise measurements of the Stokes
vector of the light interacting with a turbid sample. By cycling
the polarization of the incident beam (HeNe laser, 15 mW,
N=632.8 nm) using a linear polarizer and quarter-wave-plate
combination, and measuring the output Stokes vectors, the
Mueller matrix of the sample can be constructed.” A sche-
matic of the experimental system is shown in Fig. .
However, in a complex medium such as biological tissues,
several polarization-altering effects occur simultaneously, and
the resultant measured Mueller matrix reflects these in a
coupled complicated manner. Thus, a method to extract the
individual effects is required to quantify contributions of in-
dividual polarization effects, such as birefringence, optical ac-
tivity, and depolarization. To accomplish this, we have devel-
oped a polar decomposition method suitable for use in highly
scattering sumples.‘i where the measured matrix M is decom-
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posed into “basis” matrices representing the individual ef-
fects. In this approach, a depolarization matrix My, a retar-
dance matrix Mpg, and a diattenuation matrix My are
employed, with M=MyMzMp." From these decomposed
matrices, useful polarization properties of interest can be de-
coupled and calculated. Specifically, the elements of M, can
be used to calculate the net depolarization coefficient (A), the
elements of My can be used to calculate the linear retardance
(birefringence &) and optical activity (). and the elements of
My, can be used to calculate the diattenuation (d).>* This
decomposition process is summarized in Fig. 1.

We have previously validated this method theoretically
with a polarization-sensitive Monte Carlo model and experi-
mentally using tissue-simulating phunloms.5 and performed
measurements on ex vivo tissue samples.” To demonstrate its
first use in vivo, we presently report measured changes in
tissue structure using a dorsal skinfold window chamber
mouse model.'" In this model, the inner skin layer of an athy-

January/February 2009 « Vol. 14(1)
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mic nude mouse (NCRNU-M, Taconic, Hudson, New York)
was removed from a 10-mm-diam region on the dorsal sur-
face and a titanium saddle was sutured in place to hold the
skin flap vertically, as shown in Fig. 1. A protective glass
coverslip (14515 pm thick) was placed over the exposed
tissue plane. Thus, a thin layer of tissue (~500 pm) extends
away from the animal, allowing for direct optical transmission
measurements of polarized light through this layer, as shown
in Fig. 1. This model enables accurate measurements in an in
vivo setting, free of many of the challenges inherent in using
fully 3-D tissue structures.

To induce changes in this skin preparation, 5 ul of colla-
genase (gelatinase) solution (Sigma-Aldrich, collagenase from
Clostridium histolyticum) at a concentration of 1 mg ml™!
was microinjected into one region of the tissue. Collagenase
cleaves collagen fibers by breaking the peptide bonds con-
necting the monomer peptide units.'" Since collagen fibers are
one of the primary sources of tissue birefringence and scatter-
ing, their destruction should change the polarization of the
light propagating through this treated tissue region. Measure-
ments of M were performed both in the region of collagenase
injection and a distant control region, as shown in Fig. 1.
Measurements were made with a I-mm-diam laser beam be-
fore collagenase treatment and for 5 h postinjection at 30-min
intervals, with an additional measurement at 24 h. An ink
circle with a diameter of approximately 2 mm was marked
around the control and treated regions so that the measure-
ments could be repeated and correlated with subsequent his-
tology. The treatment and measurements were carried out un-
der general anesthesia induced by intraperitoneal injection of
ketamine/xylazene (80- and 5-mg Kg™!, respectively). Before
each measurement, the animal was reanesthetized. Values for
birefringence. depolarization, optical activity, and diattenua-
tion were extracted from the experimentally derived Mueller
matrices at each time point, through the prior polar decompo-
sition approach. On completion of the measurements (24-h
posteollagenase injection), the animal was sacrificed and the
control and treated tissues were removed, sectioned laterally,
and stained with hematoxylin and eosin (HE) for histological
examination.

3 Results and Discussion

The derived birefringence and net depolarization values in
both collagenase-treated and control regions are shown in Fig.
2. Values for optical activity and diattenuation were also ex-
tracted; however, these did not change appreciably with treat-
ment and so the data are not shown. Histology (HE stain) of
treated and control regions are shown in Fig. 3. As expected,
injection of collagenase induced structural changes in the
skin, seen as a loss of collagen fibers and the presence of
inflammation and vasodilatation, which resulted in a more
irregular dermis structure compared (o the control tissue (Fig.
3).

In Fig. 2(a), the calculated values of the birefringence & in
treated and control regions are plotted as a function of time
following collagenase injection, the former showing a range
from 6= 1.2 rad to 6==0.3 rad, in contrast to the control re-
gion where the values remain essentially constant at &
= | rad. (The small fluctuations in the control-tissue values
give some indication of the reproducibility of the measure-
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Fig. 2 (a) Birefringence and (b) depolarization before and as a func-
tion of time after collagenase injection in the treated and control re-
gions. Symbols are experimentally derived values.

ments over time.) The decrease in birefringence is likely due
to denaturation of the collagen fibers, which reduces the struc-
tural anisotropy. This is confirmed by histology, where a re-
duction in collagen fibers is evident in the treatment region
(Fig. 3).

Using the approximate light pathlength /==500 pm (esti-
mated here as the thickness of the tissue), the intrinsic bire-
fringence An (difference in directional refractive indices) can
be estimated as An=38N/27l, where N is the wavelength of
the light (632.8 nm). Although the optical path length will be
longer than the tissue thickness / due to scullering.Iz the po-
larization preserving light, which we are measuring, will have
a shorter path length than the overall path length. Using this
relationship, the birefringence values in the treatment region
prior to treatment and in the control region were calculated as
An=24X 10" and An=2X 107, respectively. After treat-
ment, the value decreased to An=0.6X 107*. These birefrin-
gence levels compare reasonably well with those found in the
literature for tissue birefringence; typical values are in the
range of 1 X 1073."

January/February 2009 « Vol. 14(1)
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Fig. 3 Histology (hematoxylin and eosin stain) for (a) control and (b)
treated tissue sections, showing skin surface A and collagen fibers in
the dermis B. In the collagenase-treated region in (b), reduction in
dermal collagen fibers is evident, as is the presence of blood vessels
with increased diameter C as a result of inflammatory response. The
sectioning was done laterally through the skin flap. The external sur-
face of the skin is on the right and the internal surface in contact with
the glass coverslip is on the left.

A decrease in the net depolarization coefficient A after
treatment, from ~0.63 to ~0.45, was measured in the treated
region and is plotted together with the values in the control
region in Fig. 2(b), the latter again being essentially constant.
This reduction in depolarization is also due to the destruction
of the collagen fibers, since these represent one of the primary
scattering structures in tissue. As with changes in birefrin-
gence, this is also confirmed by histology: see Fig. 3(b).

Using these changes in the depolarizing properties of the
tissue, we were able to approximate the scattering coelficient
of the tissue using our polarization-sensitive Monte Carlo
simulation plull'm'm.IZ Simulations  were run  with a
500-pm-thick slab geometry, where the absorption coefficient
(p,). scattering anisotropy (g), and birefringence were held
constant at w,=22cm~, ¢=0.9, and An=4X10"" for
control/pretreatment, while An was set to 1 X 107 for post-
treatment (optical properties estimated for skin). The scatter-
ing coefficient was varied from g,=100 to 250 cm™" in the
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simulations. Monte-Carlo-generated net depolarization values
for those photons exiting the sample in the forward direction
were calculated, from which the scattering coefficients corre-
sponding to A=0.63 and A=0.45 were selected. Using this
approach, g, was estimated as 182 cm™" for the pretreatment
tissue and as 134 cm™! for the post-treatment tissue.

These results show the ability of the method to quantify
changes in tissue structure using polarized light in vivo. The
destruction of the collagen fibers in the extracellular matrix
results in reduced tissue anisotropy and a reduction in scatter-
ing effects. These changes produce reduced tissue birefrin-
gence and depolarization, respectively, as measured via the
experimental Mueller matrix, individually extracted through
the polar decomposition method, and further quantified via
polarization-sensitive Monte Carlo simulations. An important
point to note is that, as seen in the upper-right photograph in
Fig. 1, the treated region has markedly increased blood con-
tent compared to the control tissue, which would result in
marked increase in the tissue absorption. Despite this, the
Muller matrix decomposition technique is able to yield the
underlying polarization parameters.

4 Conclusions

These results present the first in vivo demonstration of Muel-
ler matrix decomposition-based polarimetric characterization
of tissues. The interpretation of measured changes in values
for birefringence and depolarization is consistent with histol-
ogy results, and shows promise for the method’s ability to
accurately quantify biologically relevant tissue parameters
such as scattering and birefringence. This initial proof-of-
principle study is being followed up by more extensive inves-
tigations of the use of this method in vivo, both for noninva-
sive measurements of glucose and for monitoring the response
of infarcted myocardial tissues to stem-cell therapies. These
studies will investigate whether similar measurements can be
made in reflection geometries on bulk tissues, considering the
additional complicating factors present with such geometries
(such as sampling volume calculations and the effect of addi-
tional tissue layers). Clearly, there are many other potential
applications, both in tissue diagnostics and in treatment re-
sponse monitoring.
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Addendum

In this study we demonstrated the use of our previously developed polarization
measurement and analysis methods in vivo. A window chamber mouse model was
employed, with collagenase injected into a region to induce a physiological change. The
denaturation of collagen in the region of collagenase injection resulted in a large decrease
in measured retardance as well as a decrease in depolarization. The ability of our methods
to measure these changes demonstrates the potential to monitor physiological changes in
vivo, and provide additional motivation for developing methods to assess myocardial

structure in vivo.
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4. Modeling-based polarized light tissue analyte
concentration determination

The following chapter describes two studies conducted to investigate the feasibility of
employing polarized light for tissue analyte concentration determination using optical
activity. In the first study, a combined spectral polarization and intensity approach was
developed and tested using simulated data. The second study, the ability to separate
chirality and scattering induced optical rotation using Mueller matrix decomposition was
determined, again using simulated data. This work was motivated by the need for
noninvasive glucose concentration measurement; however, the techniques developed

could be applied for measurements of other optically active analytes.

4.1 Combined polarization and intensity approach

Introduction

NIR spectroscopy is currently one of the most promising optical approaches for
noninvasive glucose monitoring. However, as with other techniques it suffers in a lack of
specificity (many other tissue constituents also absorb NIR light) and sensitivity (the
amount of absorption due to glucose is relatively small as its concentration is low
compared to other tissue analytes). Thus, improvements in the technique or novel
approaches are needed in order to reach the required accuracy for clinical use. We have
hypothesized that combining NIR spectroscopy with polarization spectroscopy may
improve the ability to determine glucose concentrations, as they provide complementary

informationr—a measure of two different properties of the glucose molecule. To
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investigate the potential of such a combined approach, a simulation study was conducted
using the extended Monte Carlo model and employing multi-block chemometric
techniques.

A blood plasma model consisting of glucose and plasma proteins in water at
physiological concentrations was simulated for testing of the combined method. Intensity
and polarization spectra were generated from this model for both clear and scattering
media. As both the absorption and polarization signals are due not only to glucose, but
also to tissue constituents (in this case, proteins and water), a method to extract the
glucose specific signal was required. In this case, where both optically activity and NIR
absorption are both exploited, the simulated data must also be combined in a meaningful
way to improve the predictive ability. To do this, multi-block chemometric techniques
were used to, first, to combine the simulated intensity and polarization spectra, and
second, to build a regression model to predict the glucose concentration. Details and
results of this study are provided in the following publication.

With regards to the publication contributions, I designed and conducted all
simulations and data analysis in the study and wrote the manuscript. Dr. Daniel Coté

assisted with Monte Carlo software.

Paper

M. F. G. Wood, D. Coté, and I. A. Vitkin, “Concentration determination in simulated
optically clear and turbid biological media,” Journal of Biomedical Optics 13, 044037
(2008).
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1 Introduction

Abstract. The use of a combined spectral intensity and polarization
signals optically scattered by tissue to determine analyte concentra-
tion in optically clear and turbid biological media was explored in a
simulation study. Blood plasma was chosen as the biological model
and glucose as the analyte of interest. The absorption spectrum and
optical rotatory dispersion were modeled using experimental data and
the Drude’s equation, respectively, between 500 and 2000 nm. A
polarization-sensitive Monte Carlo light-propagation model was used
to simulate scattering media. Unfold partial least squares and multi-
block partial least squares were used as regression methods to com-
bine the spectral intensity and polarization signals, and to predict
glucose concentrations in both clear and scattering models. The re-
sults show that the combined approaches produce better predictive
results in both clear and scattering media than conventional partial
least squares analysis, which uses intensity or polarization spectra
independently. This improvement was somewhat diminished with the
addition of scattering to the model, since the polarization signals were
reduced due to multiple scattering. These findings demonstrate prom-
ise for the combined approach in clear or moderately scattering bio-
logical media; however, the method’s applicability to highly scattering
tissues is yet to be determined. The methodology also requires experi-
mental validation. © 2008 Society of Photo-Optical Instrumentation  Engineers.
[DOL 10.1117/1.2968198]
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care that could avoid long-term complications of the disease.
A noninvasive method for glucose monitoring would greatly

Diabetes mellitus is a chronic systemic disease with no known
cure in which the body either fails to produce, or fails to
properly respond to, the glucose regulator hormone insulin.
Estimates put the number of diabetics in North America at
15 million and the number worldwide at over 100 million,
with these numbers expected to rise dramatically over the
next 30 years.I The primary goal of diabetes therapy is to
maintain normal blood glucose homeostasis through diet, ex-
ercise, medication, or insulin injections. Accordingly, frequent
monitoring of blood glucose levels is of paramount impor-
tance in guiding these therapies. Conventional “finger-prick”
methods have low compliance due to their invasive nature,
and as a result, many diabetics do not monitor their blood
glucose levels as frequently as needed to obtain the medical

Address all correspondence to: Michael F. G. Wood, Ontario Cancer Institute,
Division of Biophysics and Bioimaging, 610 University Avenue, Toronto, ON,
Canada M5G 2M9; Tel:+1 416 946 4501; Fax:+1 416 946 6529; E-mail:
mwood@uhnres.utoronto.ca.

Journal of Biomedical Optics

aid in increasing the frequency of monitoring and lead to a
decrease in the complications associated with diabetes.

Due to this tremendous need for a less invasive method of
blood glucose monitoring, a significant amount of research in
a variety of fields has focused on developing such a method.
Apart from diabetes, there is also a need for more frequent or
continuous monitoring of preterm infants and other at-risk
infants as well as people with rare metabolic disorders.”
Among the many approaches being investigated, research is
underway to develop optical methods for noninvasive moni-
toring, including infrared speclmscopy;"'4 optical coherence
tomography (OCT)’, photoacoustic techniques,”” Raman
spectroscopy.” fluorescence techniques,” and polarimetry.' "
While some of these techniques are approaching acceptable
levels of accuracy in vivo, none have been approved for clini-
cal use; therefore, improvements in these modalities, combin-
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ing these modalities, or other modalities are needed.

Nearly all of the techniques in development measure a
signal due not only to glucose but also to many other biologi-
cal constituents. As a result, the techniques suffer in their
specificity to glucose. In addition, the techniques lack sensi-
tivity because the signal due to glucose is generally much
smaller than that due to other constituents. In this work, we
propose a combined modality optical approach to determine
glucose concentration in biological media. Specifically, com-
bining near-infrared (NIR) spectroscopy signals, arguably the
most promising optical method, with spectral polarization in-
formation lends itself well to a hybrid approach, because si-
multaneous measurements can be made with a single
polarization-sensitive optical syslem.H This combination ex-
ploits three optical effects of glucose: its NIR absorption spec-
trum, its optical rotatory dispersion (ORD, also known as op-
tical activity), and its refractive index matching effect.”* For
the simulation study described in this paper, only the first two
effects were explored, NIR absorption and ORD. since these
are specific to glucose. The refractive index matching effect is
the change in the refractive index of the media with changes
in constituent concentrations and is not specific to a single
analyte."* However, this effect may add further sensitivity and
will be investigated in future work. Although glucose was
used as the constituent of interest for this study, the technique
is applicable for other absorbing and optically active constitu-
ents and may well have application to other biological and
nonbiological systems [e.g., detection of optically active
drugs, remote sensing of planetary (chiral) atmospheres].

To test the combination of NIR and ORD spectroscopy for
concentration determination, a model of blood plasma con-
taining glucose and plasma proteins was used to generate in-
tensity and polarization spectra in both clear and scattering
media. As with nearly all of the developing optical tech-
niques, this requires extraction of the signal specific to glu-
cose from a signal also influenced by many confounding fac-
tors (plasma proteins and water in this case). The field of
chemometrics'® provides a number of well-developed tech-
niques for analyzing measurements of complex chemical sys-
tems to yield constituent concentrations or other properties of
interest. Most of these techniques regress one block of data,
such as a set of NIR absorption spectra, to a single sample
property of the sample, such as glucose concentrations, to
build a predictive model. In our case, we wish to regress two
blocks of data (NIR intensity and ORD polarization spectra)
to improve the predictive abilities of the model. This requires
the use of multiblock chemometrics to combine two or more
of the data sets into a single predictive model.

The outline of this paper is as follows. First, the blood
plasma model used in this study to generate the intensity and
polarization signals as a function of wavelength is described.
Both a clear and a scattering model were employed in this
study to investigate our approach under these two conditions
of increasing biological relevance. Second, the chemometric
techniques used for concentration predictions are briefly re-
viewed, and the procedure for building and testing the predic-
tive regression model is described. Third, the results of the
predictions are presented for both the clear and scattering
model, and the findings and their implications are discussed.
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Table 1 Mecan and standard deviation of blood plasma component
concentrations (g/100 ml). The standard deviation of fibrinogen was
estimated based on standard deviations of albumin and globulin.

Analyte Mean Standard Deviation
Albumin 4.2 0.54
Globulin 2.8 0.47
Fibrinogen 0.3 0.045
Glucose 0.18 0.113

2 Blood Plasma Model

To investigate the abilities of a combined intensity and polar-
ization method to predict analyte concentrations, a simulated
blood plasma model was employed as a biological model. The
model was implemented using MATLAB 7 (The MathWorks,
Inc). Blood plasma is the liquid components of blood with the
blood cells removed, the primary constituents being the pro-
teins albumin, globulins, and fibrinogen as well as glucose.
Other constituents of blood plasma such as cholesterol and
urea were omitted in this model, because they exist in lower
levels.'® As noted above, due to the considerable interest in
noninvasive glucose monitoring, glucose was chosen as the
analyte of interest for this study. The mean and standard de-
viation of the concentrations of plasma components, in units
of g/100 ml, from a group containing both healthy and dia-
betic individuals are shown in Table 1.'" Concentrations of the
plasma components were randomly generated in this model
using these means and standard deviations and assuming a
normal  distribution. ~ The  wavelength  range  of
500 to 2000 nm was chosen for this study because it is the
most frequently employed spectral window, due to relatively
low hemoglobin absorption, and includes the effects of both
absorption and optical activity. The following sections de-
scribe the methods used to create the clear and scattering
blood plasma models.

2.1 Absorption and Optical Rotatory Dispersion

The effects of absorption due to water, plasma proteins, and
¢lucose in the visible and NIR were modeled using experi-
mental data from a number of reporls.l7 * Since data for in-
dividual plasma protein absorption dispersion could not be
found, the representative plasma total protein (albumin,
globulin, and fibrinogen) absorption was used. Figure 1 shows
the absorption coefficients g, (\) per concentration of analyte
(em™ g7! dI), given as a function of wavelength for water,
total protein, and glucose. To calculate the absorption due to
water, the mass displacement caused by the addition of the
proteins and glucose was calculated and subtracted from the
mass of the initial water. This corrected mass of water was
then used to calculate the absorption due to water using the
data in Fig. 1. The absorption due to the total protein and
glucose was calculated simply by using the mass of each con-
stituent and the appropriate data from Fig. 1. The total absorp-
tion coefficient was then calculated as the sum of the absorp-
tion coefficients due to each component.

July/August 2008 « Vol. 13(4)
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Fig. 1 Absorption spectra of blood plasma proteins and glucose in the
visible and NIR.

The effects of optical activity due to proteins and glucose
in the visible and NIR were modeled using Drude’s equation,

A

[a])\ }\3 _ )\3 ’ (] )
where [a], is the specific rotation of the molecule in units of
rotation per concentration and pathlength (deg ml g~ dm™)
at the wavelength A\, A is a constant specific to the molecule,
and A, is the center wuvelent_:lh.2| The parameters of Drude’s
equation for the plasma proleinsz' and glucose” are given in
Table 2 and plotted in Fig. 2. The resulting rotation in degrees
is calculated as

[a]\Cl
oM =00 @
where C is the concentration of the molecule in g/100 ml,
and [ is the optical pathlength in dm (dm=0.1 m). The total
rotation due to all components in plasma was calculated as the
sum of the rotations due to each component.

Given the concentrations of the plasma components, the
absorption and optical rotation signals as a function of wave-
length. w,(\) and a(X\), can be calculated using the data in
Fig. 1 and Eq. (2). respectively. The full polarization state of
the light before and after passing through the plasma sample
can be described with a four-element Stokes vector S.** The

Table 2 Parameters of Drude’s equation for plasma proteins and glu-

cose.
Analyte A Ne
Albumin -1.75x107 264
Globulin -1.48107 211
Fibrinogen -1.37x107 260
Glucose 1.72x107 150
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Fig. 2 Optical rotatory dispersion of blood plasma proteins and glu-
cose as given by Drude’s equation in the visible and NIR.

first element / represents the intensity of the light beam, the
second element Q represents the linear polarization at 0 and
90 deg, the third element U represents the linear polarization
at 45 and 135 deg, and the fourth element V represents the
circular polarization. Polarization effects are applied to the
Stokes vector using a 4 X4 Mueller matrix M. Given the
input state of polarization S;, the output state S, after passing
through the clear sample is calculated as

S,=M,M,S;. (3)
1,(\) e 0 0
Q.M 0 N 0
un |l o 0 N
V,(\) 0 0 0 eV
1 0 0 0

0 cosQa(N\))  sin(2a(N)) 0
0 —=sin(2a(\)) cos(2a(N)) 0
_() 0 0 1

L(N)
QN
UiN)
L Vi(N)

where the first matrix M, applies the effect of absorption by
reducing the intensity of the beam, and the second matrix M,
applies the effect of optical activity by rotating the plane of
linear polarization of the input beam. The order of these ma-
trix multiplications is not important, since M, is symmetrical
about its diagonal. Equation (4) is valid only for optically
clear media; the presence of multiple scattering necessitates
the use of scattering models such as the Monte Carlo method
described below.

Six wavelength-dependent signals were available to build
the regression model (refer to Sec. 3) and predict the glucose
concentrations in clear (nonscattering) media [z, (X) and a(X\)

X

. )
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calculated based on the constituent concentrations, and the
Stokes parameters 7,(\), Q,(\). U,(\), and V,(\) calculated
using Eq. (4) based on the input polarization]. In an experi-
mental situation, the measurements of the Stokes parameters
would be made and u,(N\) and a(\) would be calculated
based on measured Stokes parameters. Using the described
methods to calculate absorption and optical activity, intensity
and polarization spectra were generated from 500 to 2000 nm
in 2-nm intervals with physiological levels of the plasma con-
stituents, and with the optical pathlength through the plasma
being I cm. The light incident on the sample was set to be
linearly polarized horizontally (S;=[1 10 0]"). To assess the
predictive abilities of the models in an experimental situation,
simulated Gaussian noise was added to each signal with an
increasing standard deviation. This added uncertainty simu-
lated both source and measurement noise.

2.2 Scattering Monte Carlo Model

To investigate the ability to predict analyte concentrations us-
ing the combined method in scattering biological media such
as tissue, a Monte Carlo model for polarized light propagation
in multiply scattering media was used. This validated
model,”* available for download,” records individual pho-
ton packet polarizations in the form of Stokes vectors and
includes the effects of multiple scattering, absorption, optical
activity, and linear birefringence. The model tracks a large
number of photons as they propagate and multiply scatter
through the sample, then sums the photons to calculate their
macroscopic properties of interest.

To reduce the computational time needed to generate data,
simulations were run to create a lookup-table with absorption
and optical activity as the independent parameters. This
lookup table approach is similar to that taken in other Monte
Carlo studies.”” The computational time required was reduced
in two ways: first, the number of simulations needed was
reduced because data for each full spectrum were not re-
quired, since each spectrum could be generated from the
lookup table: second, fewer photons were needed in each
simulation because the lookup table could be smoothed to
reduce the noise due to the statistical nature of the model. To
create the lookup table, the values of absorption and optical
activity were varied in the full range of blood plasma physi-
ological levels as found from the compiled data. The changes
in refractive index and the resulting effects on scattering due
to the variations in plasma components were ignored in this
study to reduce the parameter space of the lookup table, and
thus to reduce the number of simulations required. This ap-
proximation is a reasonable first step; in fact, its inclusion,
while complicating the analysis, may actually improve the
ability to predict analyte concentrations due to an increased
sensitivity to concentration changes in both light intensity and
polurimlion‘” In addition, refractive index dispersion in all
materials was ignored to reduce the required simulations. Fi-
nally, the linear birefringence was set to zero since this effect
was ignored in the current study.

Simulations were run with the absorption coefficient varied
between 0 and 30 cm™ in 2-cm™! increments, and with the
optical activity varied between 0 and 0.009 rad cm™" (0 and
0.5157 degem™) in 0.001 rad cm™ (0.05730 degcm™!) in-
crements, to create a 10X 16 lookup table. All simulations
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were run with 3 X 10% photons. The sample was a 1X1
X 1 em? cube with a scattering coefficient of 60 cm™!, which
is somewhat lower than that of tissues; this coefficient was
selected for this feasibility investigation to reduce the simula-
tion times by reducing the number of photons required so
each photon would retain a higher degree of polarization. The
scattering particles in the medium were simulated to represent
spherical polystyrene microspheres with a diameter of
1.4 pm. The refractive indices of the scattering particles and
the surrounding media were 1.59 and 1.33, respectively (cor-
responding to polystyrene and water), giving an anisotropy
¢=0.93 for the microspheres at 633 nm. The photons exiting
the sample were binned in 1 mm? detection areas with an
acceptance angle of 20 deg to approximate a typical experi-
mental measurement. The forward direction (direct transmis-
sion) was chosen as the geometry of interest to compare the
results with those from the clear plasma model. As in the clear
media case, the light incident on the sample was set to be
horizontally linearly polarized (S;=[1 1 0 0]"). Spectra were
then generated with the lookup table to create wavelength-
dependent Stokes parameters [/,(\), Q,(\). U,(\). and
V,(N)] between 500 and 2000 nm in 2-nm intervals using the
appropriate values for optical activity and absorption at each
wavelength. The orientation of polarization y(X\) as a function
of wavelength was found from the output Stokes parameters
as

U,,()\)] )
o.M ] )

The orientation of polarization was directly proportional to
the optical rotation a(\) because it changed with the rotation,
and could be used in place of a(\) in the regression calcula-
tions. Five spectroscopic signals [1,(N). Q,(N). U,(N). V,(\),
and y(N)] were available to build the regression model and
predict the glucose concentrations from the scattering model.
In addition to the noise due to multiple scattering—and simi-
lar to the clear model—simulated Gaussian noise was added
to each Stokes parameter with an increasing standard devia-
tion to asses the predictive abilities of the methodology when
experimental noise (i.e., source output fluctuations and mea-
surement uncertainties) was present.

3 Chemometric Methods

Two chemometric algorithms, unfold partial least squares
(U—PLS).ZS and multiblock partial least squares (MB—PLS).:O
were used to combine the intensity [/(\) and g,(\)] and po-
larization [Q(N). U(N). V(N), and y(N)] data in a model to
predict the glucose concentration. These two methods were
chosen because they employ the widely used conventional
partial least squares (PLS) regression algorithm currently used
in most glucose monitoring techniques. The Multiblock Tool-
box for MATLAB was used to implement the algorithms.™
This section will briefly review these two algorithms; further
details are available in the cited references.

Both algorithms are based on the widely used PLS regres-
sion method. In PLS, a regression relationship is found be-
tween a descriptor block or matrix of data (in our case, a set
of intensity or polarization spectra) and a response block or
matrix (in our case, a set of corresponding glucose concentra-

July/August 2008 « Vol. 13(4)
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Fig. 3 Schematic summarizing how (a) U-PLS, and (b) MB-PLS com-
bine and regress the generated intensity and polarization data.

tions). This is achieved by decomposing both the descriptor
and response blocks into so-called latent variables that de-
scribe the maximum variance in the data. The regression is
calculated based on how the variances in each block explain
each other—in other words, finding the covariance between
the blocks. In situations where there is more than one descrip-
tor block, as is the case with the intensity and polarization
measurements, a method of combining the information in
both descriptor blocks must be used to predict the response
block.

The most rudimentary approach for combining and re-
gressing the data is U-PLS. In this method, each descriptor
block is placed in a single combined block, as shown in Fig.
3, and normal PLS regression is performed on this combined
descriptor block. In other words, as the name suggests, U-PLS
“unfolds™ the multiblock data into a single block. The inclu-
sion of more information in the combined descriptor block
can improve the predictive ability of the model. A more so-
phisticated method of combining and regressing the data is
MB-PLS. In this method, the blocks are kept separate; how-
ever, the blocks are used to create a single super descriptor
block that is then regressed to the response block using PLS.
The creation of this super block involves finding the common
information contained in each of the descriptor blocks, re-
ferred to as the “consensus™ in the literature. In other words,
the variations in the signals that are common in both descrip-
tor blocks are identified as the consensus between the two
blocks. Since each block contains measurements done on the
same samples, looking at the common information contained
in each block can provide better predictive ability for analytes
that affect both measurement techniques (as in the plasma
model). For example, glucose (as well as plasma proteins)
influences both the intensity and polarization signals, causing
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Fig. 4 Percent error as a function of simulated noise for s, (\) and
a(\) in clear media regressed individually and in combination using
PLS, U-PLS, and MB-PLS. Points are prediction results and lines are a
guide for the eye.

a common variation in both signals that should be identified in
the calculation of the consensus.

Once the regression techniques have been chosen, two
steps are required to develop a chemometric model: calibra-
tion and testing. In calibration, often referred to as training, a
set of data (both descriptor and response blocks) is used to
create the PLS model. In our case, a set of intensity and po-
larization spectra (descriptor blocks) and glucose concentra-
tions corresponding to each spectra (response blocks) were
used to calculate the regression parameters using either
U-PLS or MB-PLS. Once the model is built in the calibration
step, it must be tested with new data to ensure the validity of
the model and to assess its predictive ability. In our test, a new
set of intensity and polarization spectra, along with corre-
sponding glucose concentrations, was generated for the pur-
pose of testing both regression techniques. The size of both
the calibration and testing data sets was 400 spectra with cor-
responding glucose concentrations. The predictive ability of
the methods was determined by calculating the root mean
square error of prediction (percent error) using the testing data
set, with increasing noise added to both the training and test-
ing spectra. The percent error was then used to calculate the
error as a percentage of the mean glucose concentration. Re-
sults from conventional PLS regression on intensity and po-
larization spectra separately were also calculated to quantify
the improvement in the combined methodology.

4 Results and Discussion
4.1  Clear Media

The percent error values for the clear plasma model are shown
in Figs. 4-6. They demonstrate the improved predictive abili-
ties of the combined intensity and polarization approach. The
descriptor block contained 400 spectra between 500 and
2000 nm in 2-nm intervals, with each spectrum having a cor-
responding glucose concentration in the response block. For
reference, a typical human blood glucose level is
0.18 g/ 100 ml (from Table 1); to be within the generally ac-
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Fig. 5 Percent error as a function of simulated noise for I\), Q(\),
and U(\) in clear media regressed individually using PLS. Points are
prediction results and lines are a guide for the eye.

ceptable level of error for glucose monitoring of 15%"" (some
other reports indicate 20%%), the predictive error should be
less than 0.027 g/ 100 ml. Figure 4 plots the results from re-
eressing a(\) and w,(N\) individually, with increasing noise
added to the signals using conventional PLS, and the com-
bined regression results using U-PLS and MB-PLS. In this
case, the standard deviation of the added noise was specified
as a percentage of the mean value of each intensity and po-
larization signal. This was done to corrupt the signals at ap-
proximately the same rate, because the signals differed con-
siderably in magnitude. Figure 4 shows that regressing the
absorption spectra g, (X) produced much better predictive re-
sults (i.e., less corrupted by noise) than regressing the optical
activity spectra @(\). This is due to the similarity in the ORD
of the plasma components, as shown in Fig. 1, making them
difficult for the PLS regression to separate. However, when
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Fig. 6 Percent error as a function of simulated noise for I(\), Q(\),
and U(\) in clear media combined and regressed using PLS, U-PLS,
and MB-PLS. Points are prediction results and lines are a guide for the
eye.
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the absorption and optical activity spectra were regressed with
the combined methods (either with U-PLS or MB-PLS), there
was considerable improvement over regressing the absorption
spectra (or ORD) alone. Both combined methods produced an
approximately 25% reduction in percent error with the maxi-
mum added noise over g,(\) alone. As hypothesized, the
combination of the information in both these spectra de-
creased the predictive error. Given the poor results of the
optical activity spectra regression, the large improvement
when it was combined with the absorption spectra was some-
what surprising. Evidently, enough information was contained
in the optical activity spectra to complement the absorption
spectra and improve the combined regression results.

To test the regression methods on more experimentally re-
alistic signals (i.e., on results from a typical polarimeter'),
the Stokes vectors of the output light from the clear plasma
model were calculated using Eq. (4) with input horizontally
and linearly polarized light (S;=[1 1 0 0]"). The results from
regressing the Stokes parameters individually [including the
intensity /(\)] using conventional PLS with increasing noise
added to each parameter are shown in Fig. 5. Stokes param-
eter V(N) (circular polarization) was omitted because it con-
tained no information in the present model. Predictions with
the parameter U(N) produced poor results because the input
light was horizontally polarized, yielding small values of
U(N) that were rapidly corrupted by the added noise. A small
change due to the rotation of the polarization from optical
activity was present; however, this small change was quickly
swamped by the added noise. Predictions using either /(\) or
Q(N) parameters produced similar and far superior results.
The predictive errors using /(\) and Q(\) were very similar
since they contained nearly identical information due to the
fully horizontal polarization of the input light [7,(A\)=Q,(\)].
Stokes parameter Q(N) was attenuated by the absorption and
slightly reduced while the optical activity while the polariza-
tion vector was rotated. In this case, even though Q(X\) was
affected by both absorption and optical activity, there was no
improvement gained over /(\), which contained only absorp-
tion information. This suggests that even though Q(\) was
affected by both absorption and optical activity, it was diffi-
cult for PLS to decouple the effects.

The results from combined regression methods for the
Stokes parameters are shown in Fig. 6, along with the result
for the regression of /(\) alone (from Fig. 5) for comparison.
Both U-PLS and MB-PLS produced lower predictive errors
than regressing /(\) alone. In both cases, combining either
I(\) and Q(\) or I(N). Q(N). and U(N) resulted in similar
predictive errors, yielding little additional information in the
U(N) signal as discussed above. However, MB-PLS produced
significantly lower predictive errors than U-PLS. The reduc-
tions in percent error for U-PLS and MB-PLS were approxi-
mately 8% and 15%. respectively, at the maximum noise
level. These results differed from the results of predicting us-
ing a(\) and p,(N), where U-PLS and MB-PLS prediction
accuracy were nearly the same. Evidently, the creation of the
consensus super-block in MB-PLS by combining the common
information in each descriptor block leads to better predictive
power in the case of the Stokes parameters. This is likely due
to the mix of absorption and optical activity information con-
tained in Stokes parameters Q(\) and U(N) as opposed to the
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Fig. 7 Percent error as a function of simulated noise for K\), Q(\),
U(N), VIN), and ¢\ in scattering media regressed individually using
PLS. Points are prediction results and lines are a guide for the eye.

pure optical activity and absorption channels a(\) and g, (N\).
This mixing may make it difficult for the regression methods
to decouple the effects when building the predictive models.
These results suggest that regressing absorption combined
with optical rotation, rather than the measured Stokes param-
eters, provides better predictive abilities [an improvement of
approximately 25% for combined a(\) and g, (\) versus an
improvement of approximately 15% for the combined Stokes
parameters]. However, when optical rotation is calculated
based on measured Stokes parameters, the magnitude of noise
will increase as the parameters are divided in Eq. (5). There-
fore, as shown later, the potential improvement is diminished.
To summarize, it is apparent from these results that combining
the information contained in the intensity and polarization
spectra improves the predictive abilities for glucose in simu-
lated clear media.

4.2 Scattering Media

The results of predictive calculations using the data generated
by the Monte Carlo model for scattering media are shown in
Figs. 7-9. Similar to the clear media, the descriptor block
contained 400 spectra between 500 and 2000 nm in 2-nm
intervals with each spectrum having a corresponding glucose
concentration in the response block. As also was the case for
the clear media, a reduction in predictive error was achieved
by combining the intensity and polarization signals. Figure 7
plots the percent error for the Stokes parameters /(\), Q(N\),
U(N), and V(N). plus the orientation of the polarization y(\)
calculated using Eq. (5)., with each regressed individually. In
contrast to Fig. 5, the results for the parameter V(\) are now
shown, since scattering produced some transfer of linear-to-
circular polarization [giving a nonzero value of V(\)] and
therefore some information is now contained in V(X\). As ex-
pected, when using single information channels, regression
using /(\) produced the lowest predictive error. The other
Stokes parameters and ¥(\) suffered (to various extents) in
predictive ability as a result of the depolarizing effects of
multiple scattering. This depolarizing reduced the values of
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Fig. 8 Percent error as a function of simulated noise for I(x), Q(\),
U(N), and y(\) in scattering media combined and regressed using PLS
and U-PLS. Points are prediction results and lines are a guide for the
eye. Note that the points overlap for I(\) regressed using PLS and I(\)
and y(\) combined and regressed using U-PLS.

the Stokes parameters, leading to large corruption, relative to
I(N\). by the added simulated noise. The fraction of retained
polarization for the incident fully linear (horizontally) polar-
ized light was approximately 50% after propagating through
the media. As a result, the values of the Stokes parameters
Q(N), UN), and V(N) were significantly reduced. Because the
incident light was horizontally polarized, Q(\) yielded much
lower predictive errors than either U(N), V(N), or ¥(\). al-
though the percent error was still higher than that for /(\) due
to depolarization.

The predictive errors for the combined regression methods
are shown in Figs. 8 and 9, along with the results for the
regression of /() alone for comparison (from Fig. 6). In ad-
dition to the combinations of the Stokes vectors, the orienta-
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Fig. 9 Percent error as a function of simulated noise for Ix), Q(\),
U(N), and y(\) in scattering media combined and regressed using PLS
and MB-PLS. Points are prediction results and lines are a guide for the
eye.
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tion of the polarization vector ¥(\) as calculated by Eq. (5)
was also combined and regressed with /(\) using U-PLS and
MB-PLS. All the combined methods with Stokes parameters
improved the predictive power; however, the improvement
was more modest than that for clear media calculations. In
addition, little difference was observed between the percent
errors for U-PLS and MB-PLS, as was seen for the clear
media, with the overall reduction in error being approximately
8% for all combined Stokes parameter prediction methods.
Also, the combination of /(\) and y(\) through U-PLS or
MB-PLS produced little or no improvement. In fact, the pre-
dictions when using U-PLS shown in Fig. 8 overlapped with
predictions when using /(\) alone. This is likely due to an
increase in noise when calculating y(\) through Eq. (5),
which led to a decrease in predictive power [i.e., the effective
error on y(\) was approximately two times that for the other
parameters]. As previously discussed, the lower improve-
ments are due to the depolarizing effects of multiple scattering
and the subsequent reduction in the Stokes parameters Q(\),
U(N). and V(N). However, even with the lower improvement
for the combined approaches in scattering media, the results
still demonstrate the potential for the method. A significant
improvement in prediction is still achieved with the combina-
tion of intensity and polarization information from multiply
scattering media. Future work will further investigate the in-
fluence of scattering in an effort to determine at what level of
scattering an improvement is still realized. Since this rather
large reduction in improvement has already been observed
from clear media to a scattering coefficient of 60 cm™, it
would seem unlikely that predictions with more realistic
tissue-scattering values (~100 cm™) would exhibit signifi-
cant improvement. However, this is yet to be determined, and
smoothing or other preprocessing steps could be used to re-
duce the signal noise. The present results demonstrate the po-
tential for the methodology in clear or moderately scattering
biological fluids such as blood plasma, or extra-cellular fluid
and tissues such as the aqueous humor of the eye.

Four additional areas have been identified for further in-
vestigation and will be explored in future work. First, the
effects of refractive index matching due to variations in
constituents" will be added to the model to investigate how
these effects influence the predictive abilities of the regression
techniques. The changes in the refractive index and resulting
changes in the scattering properties of the media will influ-
ence both the intensity and polarization of the light propagat-
ing through the media and may add some additional sensitiv-
ity to the constituent concentration changes. It is possible that
this may improve the predictive power of this methodology.
Second, the influence of other common biological optical ef-
fects such as linear birefringence™ on the abilities of the re-
gression methods will also be investigated. Linear birefrin-
gence has the effect of transferring the polarization state from
linear to circular or vice versa, and will interfere with the
effects of optical activity. The extent to which this influences
the abilities of the methodology will be investigated by em-
ploying a method of polar Mueller matrix decomposition to
decouple the two effects.™* This will be done in both clear
and scattering media with increasing scattering coefficients.
Third, the effect of detection geometry and wavelength range
will also be investigated to determine the optimal experimen-
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tal parameters for the measurement of intensity and polariza-
tion signals.”"3 This will involve both simulations and ex-
perimental work. Fourth, experimental testing must be
completed to validate the combining methodology, because
the current results are for simulated measurements only. This
will involve the design, construction, and testing of a com-
bined spectral intensity and polarimetry system suitable for
experimental measurements.

5 Conclusions

We have simulated and analyzed a combined intensity and
polarization method for analyte concentration determination
in clear and scattering biological-like media with glucose as
the analyte of interest. The determination of glucose concen-
trations in biological media is a crucially important unsolved
problem in clinical medicine, because a tremendous need ex-
ists for a noninvasive method that diabetics can use to monitor
their blood glucose levels. The methodology was tested using
a simulated blood plasma model for both clear and scattering
media. The spectral intensity and polarization data generated
through this model were used to build and test predictive ch-
emometric models that combined the two data sets. The re-
sults showed that the combination of these two modalities
improved the predictive ability over the use of intensity or
polarization data alone, for both simulated clear and scattering
media, thus demonstrating potential for the methodology. This
improvement is reduced in scattering media due to light de-
polorization. Thus, the applicability of these methods may be
limited in higher scattering media; however, further study is
required to investigate this. In addition, the effects of refrac-
tive index matching, tissue birefringence, detection geometry,
and wavelength range, which have not been included in the
current model, require further study. The development of a
suitable combined intensity and polarization system and ex-
perimental testing of the methodology is also required for
validation. The applicability of this methodology is not lim-
ited to glucose sensing, because other analytes of interest
could be targeted. The methodology is also not limited to
biological media, since nonbiological applications for concen-
tration determination of absorbing optically active molecules
exist—for example, in remote sensing scenarios. To our
knowledge, this is the first demonstration of a combined spec-
tral intensity and polarization methodology for analyte con-
centration determination.
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Addendum

This study demonstrates a combined optical approach for concentration determination of
optically active and absorbing analytes. This combined approach was tested in simulated
blood serum media and found to improve predictive abilities over either modality alone
for both clear and scattering media, providing a 25% and 8% reduction in percent error
respectively. These results show promise for the approach, in particular for glucose
monitoring in biological fluids and potentially in tissue, as well as for other applications
requiring analyte concentration measurements, such as quality control and remote
sensing. The application of this technique to scattering media—such as biological
tissue—is complicated by the resulting depolarization and additional noise, as was shown
in the study. Scattering also modifies the polarization state; in certain geometries this can
lead to a scattering-induced apparent rotation that is often much greater then the chirality-
induced rotation."*! Separating this scattering-induced rotation from the chirality-induced
rotation is investigated in the following section. While the effects of scattering reduce the
predictive abilities of the methodology, an improvement over each single modality was
shown in this study for simulated scattering media (scattering coefficient of 60 cm™).
However, this improvement was significantly reduced when compared to that in clear
media. Whether or not an improvement is still gained in higher scattering media such as
tissues (scattering coefficient generally > 100 cm™), is yet to be shown and should be

investigated in future studies.
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4.2 Separating chirality-induced and scattering-induced optical
rotation

A serious hurdle for the use of optical activity for determining chiral tissue analyte
concentrations (e.g., glucose) in scattering media is the fact that the small rotation due to
glucose is often swamped by the much larger apparent rotation induced by scattering.
This issue is particularly important in the backscattering geometry—a potentially
clinically important arrangment—where the scattering induced rotations can be large.
These large rotations caused by scattering are not due to rotation of the light as it
propagates through the media, but are due to preferential scattering of orthogonal linear
polarizations at different scattering angles. As the intensity of these linear polarizations
are unequally scattered, the overall polarization undergoes diattenuation that, without
further analysis, appears as a rotation of the polarization. Thus, in the Mueller matrix
representing the media they should be represented as diattenution rather than true optical
rotation as produced by a chiral molecule, and the ability to differentiate between these
two sources of rotation should be possible through Mueller matrix decomposition. This
ability was successfully demonstrated in the publication in Chapter 3 (section 2). This

manuscript is not duplicated here, instead the reader is referred the previous section.

Paper

N. Ghosh*, M. F. G. Wood*, S. H. Li, R. D. Weisel, B. C. Wilson, R. K. Li, and 1. A.
Vitkin, “Mueller matrix decomposition for polarized light assessment of biological
tissues,” Journal of Biophotonics 2, 145-156 (2009).

* Authors contributed equally to this work and shared 1* authorship
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In section 3.2 we established the ability of polar decomposition to separate
scattering-induced and chirality-induced optical rotation. This was demonstrated in
backscattered Monte Carlo simulated media exhibiting both scattering and optical
activity. Prior to decomposition, the overall simulated rotation was in excess of 20 deg (5
mm from incident beam as shown in Fig. 3 on page 60), most of this due to scattering.
After decomposition, the chirality-induced rotation was calculated to be approximately
0.1 deg (5 mm from the incident beam), corresponding well with the simulated value of
optical activity (0.082 deg/cm) for this detection geometry where the average optical
pathlength was 1.2 mm (as calculated from the Monte Carlo model). The fact these
effects can be separated through Mueller matrix decomposition is tremendously useful
for chirality-based tissue analyte measurements. As the presented results are from a
simulation study, further experimental investigations are required. In addition, these
results are from a relatively low scattering media (scattering coefficient of 30 cm™) when
compared to tissue, thus further investigations is also required in more highly scattering

media.
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5. Summary, future work, and conclusions

In this final chapter the results of the three thesis themes are summarized and avenues of
future research are identified and discussed. In conclusion, overall achievements from

this body of work are also presented.

5.1 Extension of Monte Carlo model

5.1.1 Summary

The Monte Carlo model developed in our group for simulation of polarized light was
extended to include the effects of optical activity and linear birefringence simultaneously
in multiply scattering media. Optical activity in tissue is induced by chiral constituents
including proteins and glucose, while birefringence is a result of anisotropic tissue
structures such as extracellular matrix proteins (i.e., collagen and elastin) and muscle
fibers, among others. Both these effects can be indicative of tissue status and thus
potentially could be employed to measure/monitor valuable tissue metrics such as tissue
glucose levels and myocardial health, as was in fact explored in this thesis. The primary
challenge in modeling the two effects was determining the Mueller matrix for the
combination of the effects; as described, this was calculated through the Jones N-matrix
formalism. This combined matrix could then be applied between scattering events as the
photons propagate through the medium. The use of the N-matrix formalism also allows
for other polarization effects to be modeled such as diattenutation and circular dichroism.

In order to experimentally validate the extended model, a phantom system was
developed that could also simultaneously exhibit scattering, optical activity, and

birefringence. This was accomplished using polystyrene microspheres as scattering
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structures, sucrose for optical activity, and strain-induced birefringence from
polyacrylamide gel. Monte Carlo generated data was compared to experimental results
where the phantom properties matched those in the simulations. Close agreement
between the simulations and experimental measurements was shown, strongly supporting
the validity of the extended model. This extended and validated model is, to our
knowledge, the first polarization-sensitive Monte Carlo model with the ability to
incorporate all polarizing effects. In addition, the phantom system developed is novel, as
no previous systems have incorporated scattering, birefringence, and optical activity

simultaneously.

5.1.2 Future Work

While this model better simulates the interactions of polarized light with tissue,
significant differences still exist, particularly with regards to the scattering mechanisms
used in the model compared to that in tissue. This and other polarization-sensitive Monte
Carlo models generally approximate the scattering of tissue with uniform diameter
spherical particles. The use of spherical particles is advantages, particularly for
polarization models, as the full scattering phase function can be calculated via Mie theory
and the scattering properties can be “tuned” by changing the diameter and refractive
index of the particles. However, the situation in tissue is vastly different. Instead of
uniformly shaped scatterers, the structures in tissue (cells, organelles, nuclei, etc) vary in
shape and size. In addition, the refractive indices of these structures also vary
considerably. Thus, the wvalidity of using uniformly sized spherical scatterers to

approximate the polarization scattering properties of tissue is questionable.
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As part of future work we propose to test the validity of employing uniform
spherical scatterers to simulate tissue scattering in both Monte Carlo models and tissue
phantoms. This will be accomplished by comparing polarization measurements on tissues
with those on phantoms and Monte Carlo generated data with matching optical
properties. How well the tissue measurements correlate with phantom and Monte Carlo
results will give an indication of the validity of this modeling approach.

Improvements to the scattering calculations used in the model to better simulate
the scattering mechanisms of tissue are also possible. Work by Schmitt,"** has
demonstrated that a distribution of scatterer sizes better models the scattering present in
tissue. This concept has been employed in previous models by allowing for a number of
scatterer sizes in a single simulation, rather then only one size as is currently done.** The
selection of the particle size for a particular scattering event would be based on the
specified particle size distribution, which can be chosen to best model the tissue. This
upgrade is attractive due to the ease of incorporation in the current model. All that is
required is the calculation of a number of scattering phase functions (rather than one)
before the start of photon tracking based on the specified scatterer size distribution. These
calculated phase functions would be used to create a look-up table from which the
appropriate phase function for a scatterer size could be selected based on the size
distribution of the scatterers. In addition, the development of a relatively simple scatterer
size selection algorithm using the desired particle size distribution would be required.
While significant differences would still exist between biological tissue and this model, it

may provide a more accurate means for polarized light simulation in tissue.
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5.2 Characterization of myocardial tissue structure

5.2.1 Summary

The work completed in chapter two demonstrated the ability to characterize myocardial
tissue structure, with application towards monitoring regenerative treatments of
myocardial infarctions. A small proof-of-principle pilot study first established that
polarized light birefringence measurements could differentiate between healthy and
infarcted ex vivo sectioned mouse myocardium. Further studies with infarcted and
regenerating rat ex vivo sectioned rat myocardium demonstrated the ability to
differentiate between infarcted and regenerating myocardium. The ability to differentiate
between these tissue states was based on changes in tissue anisotropy associated with
structural remodeling in the myocardium, due to infarction and regeneration. Healthy
myocardium is highly organized and thus anisotropic, however, after remodeling due to
infarction the affected myocardium becomes significantly less organized due to scar
formation. Stem cell regenerative treatments reduce the remodeling associated with
infarction and accordingly lead to greater anisotropy (preservation) after infarction. These
changes in anisotropy manifest as changes in tissue birefringence that can be measured
using polarized light. Polarization measurements in these studies were conducted using
both point and imaging systems that measured the Mueller matrix (polarization transfer
function) of the sample. This matrix was then decomposed into constituent matrices by
polar decomposition from which the polarization properties such as birefringence could
be calculated. These studies, to our knowledge, are the first to demonstrate the ability to

differentiate between infarcted and regenerating myocardial tissue using polarized light
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and to propose the use of such a method for monitoring regenerative treatments of
myocardial infarction.

The orientation of the birefringence with respect to the propagation direction of
the photons in scattering media was investigated and found to have a significant influence
on the detected retardance. The issue of formalin fixation was also studied with regards to
its effect of fixation on tissue birefringence and depolarization. Fixation was found to
increase both effects; however, the increase for birefringence was relatively small
(~15%). Finally, a demonstration study for in vivo measurements was conducted on
mouse window chamber model to demonstrate our ability to perform polarization
measurements and analysis in a living organism. To our knowledge this was the first
demonstration of Mueller matrix measurements coupled with polar decomposition

performed in vivo.

5.2.2 Future Work

While the completed studies demonstrate the potential for the application of polarized
light for monitoring regenerative treatments of myocardial infarction, significant work is
needed before the approach could employed in vivo. Specific challenges include:
performing measurements in backscatter geometry, correction for cardiac motion, and
development of a probe capable of being catheterized. It must be demonstrated that the
relatively small changes in tissue birefringence associated with regeneration can be
measured in the presence of the complicating factors present for in vivo measurements. It

should be noted, however, that even if the technique were to prove unfeasible for in vivo
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monitoring, utility still exists in the evaluation of ex vivo tissues as part of regenerative
studies.

All measurements to date have been performed in transmission, a geometry that
for myocardial tissue requires sectioning, and is thus clearly not clinically relevant. As
such, a method for retardance quantification in the backscattering geometry must be
developed. This geometry presents a challenge, as the optical pathlength of detected light
will now be much more dependent on the tissue optical properties, rather than was the
case with transmitted light where one can assume the pathlength is at least the tissue
thickness or somewhat greater. Additionally, backscatter detection will be biased to
shorter pathlength photons, as those that propagate further into the tissue will tend to be
absorbed, potentially making the measured retardance signal significantly smaller than
for transmission measurements. In spite of these challenges, if the pathlength between
measurements can be kept constant or the change in pathlength accounted for, the tissue
birefringence can be quantified.

The development of a backscatter birefringence detection methodology will begin
with a simulation study using the extended Monte Carlo model. Simulations with varying
optical properties (scattering and absorption) as well as varying birefringence magnitude,
in the range of those present in myocardial tissues, will be conducted. The spatial
distribution of backscattered retardance and optical pathlength will be recorded (i.e.,
retardance image). These results will be examined to determine the effect of optical
property variations on photon pathlength, and the effect of birefringence variations on
detected retardance. The goal of these studies is to assess if sufficient consistency in

photon pathlength and detected retardance is present with these variations. If spatial
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detection points where both the pathlength and retardance remain relatively constant,
these points could conceivably be used for backscattering birefringence measurement.
Once developed, the methodology could be further tested on controllable birefringent
phantoms such as the polyarcylamide phantoms developed and employed in Chapter 2.
Another complicating factor that will be present for in vivo measurements is
cardiac movement, specifically tissue expansion/contraction associated with a beating
heart. During the cardiac cycle the myocardium contracts to pump blood through both the
pulmonary and systemic circulation systems. This presents a challenge for polarimetry
measurements as the myocardium both moves and changes shape during this process. To
account for this, a method a gating based on the cardiac cycle could be employed. In such
a method, repeated measurements would be made at the same point in the cardiac cycle to
ensure myocardium was in the same position and in similar state of deformation. This
could be accomplished by either gating based on a recorded electrocardiogram (ECQG),
either in real time or retrospectively—if measurements are acquired with sufficient speed.
However, the tissue deformation associated with myocardial contraction and
expansion may provide additional polarization information. As the tissue contracts and
expands its structure changes, and in particular the anisotropy and thus birefringence of
the tissue likely also change. These time-dependent changes in tissue mechanical
properties, and possibly tissue birefringence, may well have differing magnitudes
depending on the state of the tissue (i.e., healthy, infarcted, regenerating). For instance,
myocardial infarction leads to increased stiffness and the inability to expand and contract,
thus decreasing myocardial function. This is in contrast to healthy myocardium, which is

more elastic. Preliminary testing using confined compression stress relaxation testing
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suggests that infarcted myocardium is indeed considerably stiffer than healthy
myocardium. These preliminary measurements were conducted by Dr. Cari Whyne, at the
Orthopedic Biomechanical Laboratory at Sunnybrook Research Institute, Toronto,
Canada. Accordingly, potential exists for polarization in characterizing the mechanical
state of the myocardium, and possibly for an elastrographic polarimetry approach where
time-resolved measurements are made throughout the cardiac cycle. This will be
investigated in future studies, first to determine if retardance measurements can be related
to myocardial mechanical metrics, and second to determine if myocardial expansion and
contraction produces varying retardance and if this can be related to the health of the
myocardium. This will be examined using ex vivo myocardium by mechanically
stretching the tissue to induce strain.

Associated with development of a backscattering birefringence detection
methodology and potential gated/elastographic measurements, is the upgrading of both
point and imaging systems. Upgrades are necessary as backscattered detection will
require additional accuracy and sensitively not currently possessed by our systems, and
gated/elastrographic measurements will require faster measurement and imaging times.
Our current systems also involve rotating polarizers and inserting/removing polarization
optics between the measurements of each Stokes parameters, significantly slowing the
measurement process. Thus upgrades to the systems to remove the necessity of moving
parts are advantages. In addition, the upgraded systems will allow for measurements at
multiple wavelengths, which will enable us to experimentally explore spectroscopic
applications, such as optical activity concentration measurements of glucose discussed in

chapter 4.
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For the point measurement, our current system will be upgraded to a dual
photoelastic modulator (PEM) system'*® will be constructed as shown in Fig 17. In this
system two PEMs operating at different frequencies are mounted such that their
modulator axes are at 45 deg with respect to each other. The resulting intensity-
modulated photodetected signal can be lock-in amplified at the first and second
harmonics of both PEM reference frequencies to provide the necessary signals to
calculate all four Stokes parameters (I, Q, U, and V) simultaneously. This system has the
advantage over our current setup as no moving parts are required and the Stokes
parameters can be determined at a fast acquisition rate (greater then 100 samples per
second). Such systems have been previously been employed to measure polarization

signals less than 10 of the total light intensity,'** and thus are highly accurate.

D
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Fig. 17 Schematic of proposed dual PEM point measurement system: P, polarizers; W, quarter
waveplate; PEM, photoelastic modulators; and D, photodetector. The PEM modulator axes are
oriented at 45 deg to each other. The system is shown in transmission mode; however, the
detection optics could placed at any geometry.

The present imaging system will also be upgraded such that a modulated

polarization signal is produced, allowing for higher SNR detection, also with no or few
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moving parts (rotation and/or removal of polarizers or waveplates). An approach similar

1., where two PEMs with slightly different operating

to that employed by Diner et a
frequencies (differing by several to a few hundred Hz) create a relatively slow
polarization modulated beat signal compared to the PEM operating frequencies (on the
order of Hz compared to kHz). This slow beat signal modulates the polarization at a rate
lower than the frame acquisition rate for many available CCD cameras, allowing for
time-resolved detection of the polarization-modulated signal and increasing the SNR of
the detected polarization. The proposed setup schematic is shown in Fig. 18. Other
possible imaging schemes include a PEM-based stroboscopic illumination approach

BO17 where the light source is strobed at an integer multiple of

similar to Han and Chao,
the PEM frequency (i.e., harmonics of the PEM frequency). In this approach light from
the sample is detected at only specific time points in the PEM modulation cycle. This
allows for imaging of the polarizations emitted from the sample at specific PEM
retardances, and thus selecting for different output polarizations. The setup schematic for

this approach is shown in Fig. 19. Both schemes are currently under consideration for the

upgraded imaging system.
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Fig. 18 Schematic of proposed dual PEM imaging system: P, polarizers; W, quarter waveplate;
and PEM, photoelastic modulators. The PEMs modulator axes at the same orientation, however,
have modulation frequencies differing by several to a few hundred Hz. The system is shown in
transmission mode; however, the detection optics could placed at any geometry.

PEM
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Fig. 19 Schematic of proposed stroboscopic PEM imaging system: P, polarizers; W, quarter
waveplate; and PEM, photoelastic modulator. The PEM modulation signal is input to the pulse
generator which turn drives a pulsed light source (e.g., diode laser). The system is shown in
transmission mode; however, the detection optics could placed at any geometry.

All measurements performed in these studies were conducted on sectioned ex vivo
myocardium. As the motivation for this work is monitoring stem cell treatments, a

method of performing these measurements in vivo is obviously required. To perform
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these measurements in vivo, the least invasive and most logical approach would be via an
intra-ventricular catheterization approach, similar to that performed as part of cardiac
electrophysiology studies in catheterization labs. In these procedures, a catheterized
electrode probe is inserted into either an artery or vein (most often the femoral artery) and
navigated through the vessel into the chambers of heart under fluoroscopic image
guidance. Once in the heart, localized electrical measurements are performed to assess
the myocardial conduction properties. It is conceivable that a similar approach could be
taken where localized polarimetry measurement could be performed instead of or along
with electrical measurements, where light delivery and detection are achieved through
fiber optics. However, many technical challenges must first be overcome.

The primary challenge in conducting these fiber-based measurements is the
polarization-modifying effects of fiber optics. A single mode fiber optic will theoretically
preserve the polarization of an input beam; however, stress-induced birefringence in the
core of a fiber leads to significant modification of the polarization state. It is possible that
the polarizing effects of the fiber could be accounted for if the stresses on the fiber
remain constant between measurements; however, this is difficult to achieve, as any
change in the fiber shape will change the applied stress. Even if the stress remains
constant, preliminary experiments conduct by our group suggest that removing the effects
of the fiber are difficult due to measurement variations. A more achievable approach may
be to place the polarization optics at the distal end of the probe, so that the fiber simply
acts as a light delivery conduit, rather than to deliver the polarization of the light as well.
This is schematically shown in Fig. 20. The disadvantage of this approach is that all

polarization optics (i.e., polarizers, waveplates, PEM, etc) would have to be sufficiently
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miniaturized to enable mounting on the distal end of the probe and made compatible with
an in vivo probe. Miniaturized polarizers and waveplates currently exist for
telecommunication applications, however, the miniaturization PEMs and any mechanical
rotation devises would require significant engineering. While challenging, if further
studies indicate sufficient motivation for performing these measurements in vivo, this

may be the most realizable approach.
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Fig. 20 Schematic of possible catheterized polarimetry probe system. The input optics focus the
light emitted from the fiber and control the polarization of the light incident on the tissue. The
detection optics collect light emitted from the tissue and select for polarization detection states.

5.3 Tissue analyte concentration determination

5.3.1 Summary

In the final research chapter of this thesis, two simulation studies were conduct towards
polarized-light-based concentration determination of optically active molecules,

particularly towards noninvasive glucose monitoring. These simulation studies were
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conducted to determine the potential for this application in a controlled environment.
While the focus of these studies was for glucose concentration measurements, the
approach could also be employed for other optically active analytes.

The first simulation study investigated the potential for a dual modality optical
glucose sensing approach, specifically the combination of spectral polarization and NIR
absorption signals. Simulated polarimetry and NIR absorption spectra from a blood
serum model were combined and regressed using multi-block chemometric techniques to
extract common information from the two spectra. The combined approach was found to
improve the predictive abilities for glucose concentration measurements over either
modality alone, for both optically clear and scattering media. However, the improvement
was significantly diminished with the addition of scattering, due to depolarization of the
polarization spectra and increased noise in the absorption spectra. The level of scattering
tested in this initial study was lower than that generally present in tissue (1 = 60 cm™ in
this study, compared to values generally greater than u; = 100 cm™ in tissue), suggesting
that this approach may be limited to clear or low scattering biological media. This study
was, to our knowledge, the first to investigate a dual optical modality glucose sensing
approach.

The second smaller simulation study investigated the ability of Mueller matrix
decomposition to separate chirality-induced optical rotation from scattering-induced
optical rotation. Both optically active molecules and tissue scattering produce what is
measured as optical rotation, particularly in the backscattering detection geometries.
However, different mechanisms are responsible for this rotation. In the context of

potentially employing polarized light for glucose measurements, it is important to
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separate these effects, as we are primarily interested in only the chirality-induced
rotation. In this study, the ability of polar Mueller matrix decomposition to separate these
effects (as they are expressed by different Mueller matrices) was tested on Monte Carlo
simulated data in the backscattering direction. The results of the decomposition show that

it is indeed possible to separate these effects and has motivated further work.

5.3.2 Future Work

As discussed, the dual modality glucose sensing study was conducted on relatively low
scattering media. As a result, an additional study to determine the upper limits of media
scattering at which an improvement is still gained should be conducted. These additional
studies should simulate media with a scattering coefficient in the range of that found in
tissue (us = 100 to 200 cm™). The results of this study will determine what degree of
polarization is required for the combined modality to still impart an improvement over
absorption data alone. This degree of required polarization could then be used to guide
what tissue sites could potentially be employed for future studies.

As both studies completed in this chapter were based on simulated data, both
require experimental validation. The upgrades to the point polarimetry system discussed
in the previous section will enable much more accurate measurements, thus enabling for
detection of much lower levels of optically active molecules than currently possible with
our system. An important upgrade also required is the ability to perform spectroscopic
polarimetry measurements. This is particularly important for the dual modality glucose
sensing, which requires spectroscopic data. To accomplish this, either multiple sources at

different wavelengths or a broadband source with a monochromator will be required. All
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components in these systems, except the PEMSs, operate over a reasonably wide
wavelength range (either visible or visible to NIR). While the PEMs operate from 200 to
2000 nm, the user-selected magnitude of retardance must be selected for a specific
wavelength, as the PEM strain (voltage) required to induce this retardance will be
different for each wavelength. As such, spectroscopic measurements will have to be
conducted a single wavelength at a time, in a wavelength-scanning manner. To
experimentally validate the dual modality method, controlled phantoms will also be
required. These can be aqueous-based phantoms with either polystyrene microspheres or
intralipid used as scattering particles, bovine serum as optically active proteins, and
glucose. Using such a phantom system along with a spectral polarimetry system, the dual

modality approach could be experimentally tested.

5.4 Conclusions and Accomplishments

The field of tissue polarimetry is an emerging area of biophotonics that has received
increased attention in recent years. While potential applications have been demonstrated,
challenges remain experimentally for measurement techniques and signal analysis. In
addition, simulation techniques for polarized light in tissue are in need of advancements
to more accurately represent tissue. These shortcomings in the field, as well as novel
applications of polarized light in biomedical optics, were investigated in this thesis.

The extended Monte Carlo model, tissue phantom system, and dual modality
glucose sensing are novel polarimetry techniques and provide additional useful tools for

our research group as well as others in the field. As well, the application of birefringence
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measurements for monitoring stem cell therapies of myocardial infarction is a novel

application for which we have demonstrated potential and are pursing further studies.
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Appendix A: Example of forward and reverse Mueller
matrix analysis

In this supplement, an example of forward and reverse Mueller matrix modeling is given
to illustrate the methods employed in this thesis. The generation of a Mueller matrix
(forward modeling) can be accomplished through either the upgraded Monte Carlo
modeling or experimental measurements on the developed polyacryamide phantoms. In
this example, we use an experimentally measured matrix from a phantom with known
properties. Given a Mueller matrix, the polarization effects contained within this matrix
can then be extracted using polar decomposition (reverse modeling). It is demonstrated
that by decomposing the measured Mueller matrix, we can extract the input polarization
values used to generate the original matrix. This generated matrix is the same as given in
Chapter 3 on page 59 that was used as part of validation studies for Mueller matrix
decomposition. However, in this example additional details are provided regarding both

the measurement/generation of the matrix as well as the polar decomposition process.

A.1 Mueller matrix generation

Generation of a Mueller matrix with user-defined polarization parameters can be
accomplished through either Monte Carlo with our upgraded model, or through
measurements on the developed polyacryamide phantoms with known polarization
properties. In both cases, the scattering, birefringence, and optical activity of the sample,
and thus the polarization parameters forming the Mueller matrix, are known inputs. Both

the model and the experimental phantom represent powerful Mueller matrix generating



133

tools to controllably model the effects of polarized light in tissue-like media. The Monte
Carlo model employs the Jones N-matrix formalism to combine the effects of
birefringence and optical activity, in the presence of scattering, as discussed on pages 37-
38. In this example, we generate a Mueller matrix through fabrication and experimental
measurements on a polyarylamide phantom. However, in the following sections we
describe the general approach for both the model and experimental phantom. The
phantom for this study was a polyacrylamide 1 x 1 x 4 cm’ cuboid, fabricated following

the methods on page 39 and 40.

A.1.1 Scattering

In both model and phantoms experiments, scattering is dealt with through the inclusion
mono-dispersed spherical micro-particles. For the phantoms, this is generally
accomplished through the use of polystyrene microspheres (refractive index n = 1.59,
density p = 1.05 g/cm, and diameters ranging from 0.1 to 10 um). In the Monte Carlo
model, both the size of the spheres and their refractive index are specified as inputs,
which are then used to calculate the scattering cross section, phase function, single
scattering Mueller matrix, and scattering anisotropy. The overall scattering coefficient of
the medium is controlled by the volume fraction of spheres present (number of spheres
per unit volume). In the model, the scattering coefficient is specified, while in the
phantom the appropriate weight fraction of spheres needed to create the desired volume
fraction, and thus scattering coefficient, is calculated through Equation (21) on page 40.

In this example, a phantom was fabricated with polystyrene microspheres (diameter = 1.4
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um, scattering efficiency = 2.22, single scattering anisotropy g = 0.95 calculated from

Mie theory) with a scattering coefficient of us =30 cm™.

A.1.2 Birefringence

Birefringence in the Monte Carlo model is specified both in terms of its direction (by a
three element directional vector) and by the magnitude of the extraordinary refractive
index, making the model highly flexible in terms of values of birefringence that can be
simulated. This is in contrast to the phantoms where birefringence is induced by strain
(extension), and is thus more limited in terms of the magnitudes and orientation of
birefringence that can be generated. In Figure 4 on page 40, the induced birefringence
and retardance (related by Equation (8) on page 6) as a function of phantom extension are
plotted. These calibration plots can are used to experimentally induce a desired
birefringence (retardance) in a phantom by extending the sample by a set distance. It
should be noted that these calibrations are valid only for polyacrylamide as fabricated
following the directions in the paper. In this example, the sample was extended by 2 mm
to induce a retardance of 0.83 rad (effect of birefringence for light propagating

ballistically through the phantom, with the slight phantom width reduction corrected for).

A.1.3 Optical activity

Similar to birefringence, optical activity is specified in the model as a rotation in radians
per cm, again making the model tremendously flexible in regards to the values of optical

activity that can be simulated. In contrast, the phantom is more limited as physical
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quantities of optically active molecules must be added, thus limiting the values of the
resultant optical activity. In the presented example, sucrose is added as an optically active
molecule with a rather high concentration of 1 M, giving a magnitude of optical activity
of 1.96 deg/cm. Sucrose was used instead of glucose, as it does not interfere with the

polymerization of polyacrylamide.

A.1.4 Mueller matrix generation

Given either a specified Monte Carlo model (or fabricated phantom), simulations (or
measurements) with varying input polarization states can be conducted to generate the
sample Mueller matrix, following Equation (4) on page 72. In this example, the necessary
measurements were conducted using the experimental system, described on page 38, to
construct the Mueller matrix, yielding:

1 0.0185 0.0029  0.0042
0.0172 0.7569 -0.0405 0.0462
0.0034 0.0524 0545 -0.5466|
0.0024 -0.007 0.6244  0.5967

The complexity of this measured Matrix is evident as all 16 elements are non-zero,
demonstrating the difficulties in extracting quantitative polarimetric information. This
experimentally measured Mueller matrix will now be decomposed (reverse analysis) to

extract the individual polarization parameters.
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A.2 Mueller matrix decomposition

A given Mueller matrix can be expressed as the product of three sub-matrices, M =
M,MgrM), where these sub-matrices represent the effects of depolarization, linear and
circular retardance, and diattenuation (different absorptions for either linear or circular
polarization states) respectively. Other orderings of these matrices are possible,'?
however, this particular order has been shown to always lead to physically realizable
matrices in the decomposition process. From these decomposed “basis” sub-matrices, the
individual effects of diattenuation, depolarization, retardance, and optical activity can be

extracted. The following section presents the decomposition and extraction of the

individual polarization parameters from the experimentally measured Mueller matrix.

A.2.1 Diattenuation

The first step in polar decomposition is the calculation of the diattenuation matrix Mp
from the overall matrix M. This is accomplished through equations 2 — 4 in Manhas et
al.* In this example, the diattenation matrix was calculated as:

1 0.0185 0.0029 0.0042

0.0185 1 0 0
100029 0 09998 0
00042 0 0  0.9998

Note the perfect symmetry in the off-diagonal elements, and that the diagonal elements
are all equal to or approximately 1. These characteristics are consistent with a matrix
representing diattenuation. From this calculated diattenation matrix, the sample

diattenuation d can be calculated from the following equation,
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1 P P 2
d=m\/MD (L2) +M,(L3) + M, (L,4) . (A.1)

From this equation, the diattenation is now calculated as 0.02, which is reasonable as no
linear or circular diattenation was included in the model. It should be noted that the
normalizing term in Equation (A.1l) is generally not required as the initial Mueller

matrices are generally normalized by element M(1,1) as part of the measurement process.

A.2.2 Depolarization

As the matrix representing diattenuation was calculated in the previous section and is
now no longer needed, this matrix Mp can removed from the overall matrix M by inverse
multiplying,

M’ = MMp' = M,Mg, (A.2)
leaving only the product of the depolarization M, and retardance Mgr matrices, now
defined as M'. Employing equations 6 - 8 in Manhas et al.*' the depolarization matrix M,

is calculated from M’, and in this example resulting in:

| 0 0 0
0.0031 07577 0 0

PT10.0031 0 07745 0
~0.0017 0 0 0.8647

Note that all non-diagonal elements in this matrix are approximately zero, consistent with

a depolarizing matrix. The sample net depolarization A can now be calculated,

LGN
e

A (A.3)
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The net depolarization from the Mueller matrix measured in this example is A = 0.21,
meaning that of when input fully polarized light is incident on the phantom, the output
beam will have its polarization reduced by 21% (degree of polarization of light now
79%). This value is reasonable given the concentration of microspheres added to the
phantom, and has also been verified by Monte Carlo simulations with matching optical

properties where the depolarization was calculated as 0.19.

A.2.3 Linear retardance and optical rotation

Similar to the previous section, the matrix for sample depolarization can now be removed
from the M’ by inverse multiplication,

Mg =M,"'M’, (A.4)
now leaving only the Mueller matrix representing the effects of linear birefringence
(retardance) and optical activity (optical rotation), referred to as the retarder matrix Mg.
In this example, the retarder matrix was calculated as:

1 0 0 0
0 09972 -0.047 0.0578

10 0.0742  0.6964 -0.7138]
0 -0.0067 0.7161 0.6980

The non-zero matrix elements in the bottom right 3 x 3 sub-matrix are consistent with a
retarder matrix expressing both linear birefringence and optical rotation. From this final
decomposed matrix, both the retardance 6 and optical rotation 3 can be calculated using

the following equations,

5 = cos™ (\/(MR (2,2)+ Mg (3,3)) + (M, (3.2)+ M, (2,3)) - 1) . (AS)
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M, (3,2)-M,(2,3)
M, (2,2)+M,(3,3)]

and Y =tan™ (A.6)

This yields 6 = 0.79 rad and @ = 2.05 deg, respectively. These calculated values
correspond well with the input values of 0.83 rad and 1.84 deg (thickness slightly less
than 1 cm due to width contraction) for retardance and optical activity, respectively.
While scattering can induce changes in retardance and optical rotation due to polarization
randomization and increased photon pathlength, in this case as scattering was relatively
low (us = 30 cm™) and forward peaked (g = 0.95), thus the effects were small. The
slightly higher optical rotation may be due to increased optical pathlength as a result of
scattering, and the lower measured retardance may be a result of polarization
randomization. The deviations between decomposed (calculated) values and experimental

results my also be due to small measurement errors.

A.3 Summary

This example demonstrates the generation of a sample Mueller matrix through either
Monte Carlo modeling or experimental measurements on controllable phantoms, and the
decomposition of the generated matrix into the sub-matrices to describe and extract the
individual polarization interactions. From these decomposed matrices, the medium
effects (specifically diattenuation, depolarization, retardance, and optical rotation) can be
calculated. In this worked out example, it was shown that the effects calculated from the
decomposition of the measured matrix closely match those specified as experimental

input values. The results are summarized in Table A.1 below. The close agreement
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between and extracted values demonstrates the validity of our forward (Monte Carlo and

experimental phantoms) and reverse (Mueller matrix decomposition) approaches.

Parameter Input experimental values Decomposed values
(forward analysis) (reverse analysis)
Diattenuation 0 0.02
Depolarization 0.19 0.21
Retardance 0.83 rad 0.79 rad
Optical Rotation 1.84 deg 2.05 deg

Table A.1 Input experimental phantom parameters compared with those calculated from

decomposing the measured Mueller matrix.
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