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1. Introduction

Polarimetry has played important roles in under-
standing the nature of electromagnetic waves [1], elu-

cidating the three dimensional characteristics of che-
mical bonds [2], uncovering the asymmetric (chiral)
nature of biological molecules [3], determining sugar
concentrations in industrial processes [4], quantifying
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The Mueller matrix represents the transfer function of
an optical system in its interactions with polarized light
and its elements relate to specific biologically or clini-
cally relevant properties. However, when many optical
polarization effects occur simultaneously, the resulting
matrix elements represent several “lumped” effects, thus
hindering their unique interpretation. Currently, no
methods exist to extract these individual properties in
turbid media. Here, we present a novel application of a
Mueller matrix decomposition methodology that
achieves this objective. The methodology is validated
theoretically via a novel polarized-light propagation
model, and experimentally in tissue simulating phan-
toms. The potential of the approach is explored for two
specific biomedical applications: monitoring of changes
in myocardial tissues following regenerative stem cell
therapy, through birefringence-induced retardation of
the lights linear and circular polarizations, and non-inva-
sive blood glucose measurements through chirality-in-

duced rotation of the lights linear polarization. Results
demonstrate potential for both applications.

Birefringence measurements in normal and infarcted re-
gions of ex vivo untreated and stem cell treated rat myo-
cardium. Note the higher birefringence values in the in-
farcted region with treatment
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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 simultaneously
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 simultaneously is needed. Although recent work
has shown promise for empirically extracting semi-
quantitative information and relative changes from
thick random media under controlled conditions [16–
29], a more quantifiable and generally applicable
technique is required. Here, we describe such a gen-
eralized 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 either 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-element Stokes vector, S. The first element I re-
presents the intensity of the light beam, the second

element 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 � 4 Mueller matrix M via,
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where So and Si are the output and input Stokes vec-
tors, respectively, and mij are the matrix elements.
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-
multaneously: matrix multiplication is generally non-
commutative (MAMB 6¼MBMA) and, since no unique
order can be assigned to simultaneous 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 use 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 effects of scattering, absorption, linear birefrin-
gence and optical activity [32]. This model is briefly
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,
linear birefringence and optical activity [33]. These
often occur simultaneously and each 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 Mueller 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 each effect separately, we de-
compose the measured matrix M into the product of
three “basis” matrices [14, 34, 35],

M ¼MDMRMD ; ð3Þ
where a depolarizing matrix MD accounts for the de-
polarizing effects of the medium, a retarder matrix
MR describes the effects of linear birefringence and
optical activity, and a diattenuator matrix MD in-
cludes the effects of linear 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, linear
birefringence due to structural proteins (tissue aniso-
tropy) and optical activity due to chiral molecules
such as glucose. The depolarization is quantified
through MD as the net depolarization coefficient, D.
The measurable effects of birefringence and optical
activity (linear retardance d and optical rotation w
respectively) are contained in MR. These three quan-
tities are calculated from the elements of the 4 � 4
constituent matrices as [14, 34]

D ¼ 1� jtr ðMDÞ � 1j
3

; ð4Þ

d ¼ cos�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmR22 þmR33Þ2 þ ðmR32 �mR23Þ2

q
� 1

� �
;

ð5Þ

Figure 1 Schematic of the turbid
polarimetry platform: (i) experi-
mental system based on polariza-
tion modulation and phase-sensi-
tive synchronous detection, (ii)
polarization-sensitive Monte Carlo
simulations for forward modeling
of simultaneous polarization ef-
fects in the presence of turbidity
and (iii) the polar decomposition
of the Mueller matrix to inverse
calculate the constituent polariza-
tion contributions in complex tur-
bid media. In the experimental
system (i): C, mechanical chopper;
P1, P2, polarizers; WP1, WP2, re-
movable quarter wave plates; A,
aperture; L1, L2 lenses; PEM,
photoelastic modulator; D, photo-
detector; fc, fp modulation fre-
quencies of mechanical chopper
and PEM, respectively. The detec-
tion optics can be rotated by an
angle g around the sample.
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and

w ¼ tan�1 mR32 �mR23

mR22 þmR33

� �
; ð6Þ

where mRij are elements of the retardance matrix
MR. 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

d ¼ 1
mD11

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

D12 þm2
D13 þm2

D14

q
; ð7Þ

where mDij are elements of the diattenutation matrix
MD.

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 ¼MD MR
MD) always leads to a physically realizable Mueller
matrix [34]. Most importantly, the derived polariza-
tion parameters particularly useful in tissue character-
ization, D, d, and w, are independent of the multiplica-
tion order of the basis matrices in Eq. (1) [34].

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 either
linear or circular incidence. After interacting with
the sample, the partially depolarized beam in a user-
selected direction (angle g) is modulated using a lin-
early-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 (linear 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

caused by thermal effects [36, 37]. However, testing
our system over extended periods of time (�hours)
have shown that once warmed up (�10 min of op-
eration), 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 simultaneous 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 (107–109)
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 from 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 ¼ 4)
and treatment (n ¼ 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 eliminat-
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 MD, MR
and diattenuation MD 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 c ¼ 1.96�/cm), and
turbidity (1.4 mm diameter polystyrene microspheres,
resulting in a scattering coefficient of ms ¼ 30 cm�1

and anisotropy parameter g ¼ 0.95 at l ¼ 633 nm).
The measurement was performed in the forward di-
rection (g ¼ 0� in Figure 1) through a 1 � 1 � 4 cm
phantom. The complicated nature of the resultant
Mueller matrix M, with essentially all 16 non-zero
matrix elements 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. Eqs. (2)–(5) were applied to the de-
composed basis matrices to retrieve the individual
polarization parameters (d, w, D and d). These are
listed in Table 1, showing excellent agreement with
the input values (within �5% for all parameters).

Table 1 Top: The experimentally recorded Mueller matrix and the decomposed matrices for a birefringent (exten-
sion ¼ 2 mm), chiral (concentration of sucrose ¼ 1 M, c ¼ 1.96�/cm), turbid (ms ¼ 30 cm�1, g ¼ 0.95) phantom. Bottom: The
values for the polarization parameters extracted from the decomposed matrices via Eqs. (2)–(5) (2nd column). The input
control values for linear retardance d and optical rotation w (3rd column) were obtained from measurement on a clear
(ms ¼ 0 cm�1) 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 D 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

0
BBB@

1
CCCA

MD MR MD

1:0000 0 0 0

0:0031 0:7577 0 0

0:0031 0 0:7745 0

�0:0017 0 0 0:8647

0
BBB@

1
CCCA

1:0000 0 0 0

0 0:9972 �0:0470 0:0578

0 0:0742 0:6964 �0:7138

0 �0:0067 0:7161 0:6980

0
BBB@

1
CCCA

1:0000 0:0185 0:0029 0:0042

0:0185 1:0000 0:0000 0:0000

0:0029 0:0000 0:9998 0:0000

0:0042 0:0000 0:0000 0:9998

0
BBB@

1
CCCA

Parameters Input control values Estimated values

Linear retardance (d) 0.83 rad 0.79 rad
Optical rotation (w) 2.14� 2.05�

Depolarization coefficient (D) 0.19 0.21
Diattenuation (d) 0 0.02
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The values for d and w determined from the de-
composition of the measured Mueller matrices in
both clear (ms = 0 cm�1) and turbid (ms = 30 cm�1,
g ¼ 0.95) optically active (c ¼ 1.96�/cm) phantoms
with increasing birefringence (sample extension of
0–4 mm, d ¼ 0–1.345 rad), are shown in Figure 2A.
This is an illustrative data set for forward-detection
geometry only (g ¼ 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 (w � 1.96� and d
� 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 d and w values (at least for this
g ¼ 0� detection geometry [34]). Figure 2B shows
the derived linear retardance d 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 (d � 1.4 rad and w � 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 selected matrix elements,
which contain contributions from several effects [15,
32]. Derivation and quantification of the absolute
linear retardance d and optical rotation w values is
enabled exclusively by the decomposition analysis.
Based on these and other continuing studies [43],
this approach seems 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

Figure 2 (a) Linear retardance, d, and optical rotation, w, estimated from the decomposition of experimentally recorded
Mueller matrices from solid chiral phantoms (c ¼ 1.96�/cm, corresponding to 1 M concentration of sucrose) with varying
degrees of strain-induced birefringence (extension of 0–4 mm, d ¼ 0–1.345). Results are shown for both clear
(ms ¼ 0 cm�1) and turbid (ms ¼ 30 cm�1, g ¼ 0.95) phantoms. The measurements were performed in the forward direction
(g ¼ 0�) through a 1 � 1 � 4 cm phantom.
(b) d and w estimated from the decomposition of Monte Carlo-generated Mueller matrices from birefringent media (linear
birefringence Dn ¼ 1.36 � 10�5, corresponding to d ¼ 1.345 rad [4 mm phantom extension] for a path length of 1 cm, Dn is
anisotropy in refractive indices, the difference in refractive index along the extraordinary axis and the ordinary axis) hav-
ing varying levels of chirality (c ¼ 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 (ms ¼ 0 cm�1) and turbid (ms ¼ 30 cm�1, g ¼ 0.95) media.
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above matrix decomposition methodology can per-
form this task, as shown in Figure 3. This shows the
variation in the derived optical rotation w in the
backward direction (g � 180�, a geometry 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 (c ¼ 0.082�/cm, corresponding
to 100 mM concentration of glucose, ms ¼ 30 cm�1,
g ¼ 0.95, thickness ¼ 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 linear
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 w 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 disease 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., elastography [47])
or electrical 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 Mueller 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 d 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 d 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

Figure 3 Calculated optical rotation, w (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 (c ¼ 0.082�/cm,
corresponding to 100 mM concentration of glucose) isotro-
pic turbid medium (ms ¼ 30 cm�1, g ¼ 0.95, thickness
t ¼ 1 cm). The corresponding scattering-induced rotation
of the polarization vector derived from the Stokes parame-
ters 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 ¼ 0,
data not shown).
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are the mean linear retardance values from measure-
ments of treated and untreated heart groups in the in-
farcted and normal regions. Statistically significant
(p ¼ 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-

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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Figure 4 (online colour at:
www.biophotonics-journal.org)
Linear retardance d derived from
transmission polarization measure-
ments in 1-mm-thick sections from
Lewis rat hearts following myocar-
dial infarction. (a) untreated tis-
sues, (b) tissues following stem-
cell treatments. The marked sector
around q ¼ 180� indicates the in-
fracted region. Decreased birefrin-
gence levels in the infarcted re-
gion compared to normal regions
are seen; this difference in re-
duced following stem-cell therapy
as infracted region retardance val-
ues increase towards normal-tis-
sue levels. The results from bire-
fringence measurements from the
controls and the stem-cell treated
groups of infracted hearts are
shown in histogram form in (c).
Error bars represent the standard
deviation. Both untreated and
stem-cell treated groups were
comprised of 4 hearts and 5 meas-
urements were preformed in each
region (normal and infarcted).
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