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Abstract. Mueller matrix polarimetry and polarization-sensitive optical coherence tomography (PS-OCT) are
two emerging techniques utilized in the assessment of tissue anisotropy. While PS-OCT can provide cross-
sectional images of local tissue birefringence through its polarimetric sensitivity, Mueller matrix polarimetry can
be used to measure bulk polarimetric properties such as depolarization, diattenuation, and retardance. To this
day true quantification of PS-OCT data can be elusive, partly due to the reliance on inverse models for the
characterization of tissue birefringence and the influence of instrumentation noise. Similarly for Mueller matrix
polarimetry, calculation of retardance or depolarization may be influenced by tissue heterogeneities that could be
monitored with PS-OCT. Here, we propose an instrument that combines Mueller matrix polarimetry and
PS-OCT. Through the co-registration of the two systems, we aim at achieving a better understanding of
both modalities. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.21.7.071109]
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1 Introduction

Polarized light imaging has been used in the biomedical field for
many years.' It has been applied to reveal the border of skin
cancer and improve image resolution via removal of multiply
scattered light through a degree of polarization (DOP) imaging
scheme®™ as well as removing multiply scattered light and sur-
face reflection by combining co- and cross-polarized images.’
Polarization imaging has been combined with spectroscopy in
order to image tissue below the surface by discriminating the
difference in penetration depth associated with different wave-
lengths of light. Similar principles have been used to enhance
surface capillary contrast.®” Circularly polarized light has been
used to investigate the concentration and size of scattering par-
ticles in a medium based off of the backscattered light that is
retrieved and modeled in a Poincaré sphere using Stokes
vectors.® Polarization-sensitive Monte Carlo simulations have
been developed to model polarized light travel through scatter-
ing and birefringent media.®'"

Birefringent proteins such as collagen fibrils and muscle
fibers are often found preferentially aligned in bundles when
serving as load-bearing structures.'"'? In contrast, in the case of
healthy epidermis, collagen is randomly aligned.'*!> Significant
changes in optical anisotropy and thus birefringence can point to
damage or disorder of the normal structure of these tissues.'*!”
We have shown that the degree of circular polarization is par-
ticularly sensitive to the dominant orientation of birefringent

*Address all correspondence to: Jessica C. Ramella-Roman, E-mail: jramella@
fiu.edu
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bundles such as collagen.'® In-depth information on a material’s
effects on polarized light can also be inferred from the calcula-
tion of its Mueller matrix.'® Mueller matrix imaging is possibly
the most useful of all polarimetry techniques as the 4 x4
Mueller matrix completely characterizes the polarimetric prop-
erties of a sample!’ including its cellular size distribution and
refractive index.”> MM decomposition is used to extract con-
stituent polarization properties of an unknown complex system.
The decomposition of the Mueller matrix M, whose terms are
shown in Eq. (1) (as proposed by Lu and Chipman®') yields
three canonical matrices of Eq. (2), a diattenuator matrix MD
includes the effects of linear and circular diattenuation, M,
accounting for the depolarizing effects of the material, and a
retarder matrix MR for the effects of the material linear birefrin-
gence and optical activity. By decomposing M we are able to
isolate different light/tissue interaction mechanism, such as
scattering, absorption, chirality, and cumulative retardance.
Furthermore, the resulting matrices can be analyzed to yield
quantitative medium properties that have a demonstrated®?>%
useful diagnostic power and will be used in this study. These
parameters are depolarization, linear retardance (birefringence),
optical rotation, slow axis orientation € (the direction of polari-
zation with the larger optical index), and diattenuation D.
Depolarization is caused by multiple scattering events and
is prominent in biological tissue.** It results in the randomiza-
tion of the polarization of light that travels through scattering
media.

1083-3668/2016/$25.00 © 2016 SPIE

July 2016 « Vol. 21(7)


http://dx.doi.org/10.1117/1.JBO.21.7.071109
http://dx.doi.org/10.1117/1.JBO.21.7.071109
http://dx.doi.org/10.1117/1.JBO.21.7.071109
http://dx.doi.org/10.1117/1.JBO.21.7.071109
http://dx.doi.org/10.1117/1.JBO.21.7.071109
http://dx.doi.org/10.1117/1.JBO.21.7.071109
mailto:jramella@fiu.edu
mailto:jramella@fiu.edu
mailto:jramella@fiu.edu

Chue-Sang et al.: Use of combined polarization-sensitive optical coherence tomography and Mueller matrix. ..

moy Moy Moy Me3
myy My Mgy M3
myy My Ny  Mpys

M:MAMRMD' (2)

These parameters can be used to identify tissue changes due to
injury or disease.”> Equation (2) is one of six possible decom-
positions and the most commonly used in biomedical applica-
tion. Despite these many applications and some interesting
computational work polarized light imaging has had limited
commercial success in the biomedical field due to a number
of factors: light polarization is quickly lost in heavy-scattering
media such as biological tissue, analyzing and extracting mean-
ing from heterogeneous tissue is complicated, and there are still
limited amounts of data describing polarization properties of
tissues. %2627

Optical coherence tomography (OCT) is a noncontact, non-
invasive interferometric technique allowing cross-sectional im-
aging of tissues at the micron level. OCT has been explored in
many applications over the past decade, including ophthalmol-
ogy, cardiovascular, oncology, and dermatology®*=' as well as
embryogenesis, angiogenesis, and tissue engineering.>>¢
Polarization-sensitive OCT (PS-OCT),”¥# as a functional
extension of OCT, uses the information encoded in the polari-
zation state of the recorded interference fringe intensity to pro-
vide additional contrast. In birefringent materials, a phase delay
between the two orthogonally polarized wave components is
caused by the difference of the refractive indices n, and n,
of the ordinary and extraordinary wave An = n, — n,, resulting
in different phase velocities of both wave components.*'™ In
general, the delay causes an elliptical polarization state, a mea-
sure of the internal birefringence. The ellipticity of the signal is
recorded by the two detectors measuring the horizontally and
vertically polarized interference signal. The double-pass phase
retardance between the two components can be calculated
through the amplitude ratio of both detected signals

D1

3

¢(x,z) = arctan a

where a; and a, denote the intensity of the horizontal and
vertical components of the interference signal, respectively. ¢
denotes the wrapped phase retardance and could be exploited to
generate a retardance image. PS-OCT provides high resolution
of spatial information pertaining to imaged tissues otherwise not
discernible using existing diagnostic optical methods. Never-
theless, PS-OCT results are highly susceptible to low signal-
to-noise ratio (SNR),**#7 and values of birefringence obtained
with these systems still rely on ad-hoc models.*'*®

To study the effect of polarized light transfer in hetero-
geneous biological media, we have developed a system integrat-
ing Mueller matrix polarimetry (MMP) and PS-OCT. The
multimodal combination of MMP with PS-OCT will provide
comprehensive information about optical properties of tissue.
Correlation of bulk properties obtained from MMP and detailed
structure information from PS-OCT will enhance our interpre-
tation and analysis of imaging data from the targeted tissues, and
will refine our understanding of polarized light propagation
through turbid media.

2 Materials and Methods

A schematic of the combined PS-OCT and MMP system is
shown in Fig. 1. The experimental setup of the high-resolution
PS-OCT system is based on a free-space Michelson interferom-
eter and is detailed with the red light path. The system has a
resolution of 3.3 ym in air and 2.5 ym in tissue. The laser
light source is a broadband superluminescent diode (Bayspec,
San Jose, California) with 840 nm central wavelength and 50 nm
full width half maximum. Light from the source is split into the
sample arm and the reference arm by an 50/50 cube beam split-
ter. Along the sample path, the light then passes through a quar-
ter-wavelength plate (QWP) at 45 deg and a telecentric scan lens
(LSMO03-BB, Thorlabs, Newton, New Jersey) focuses signal
light onto the sample and collects the backscattered light. A gal-
vanometer-mounted mirror on the sample arm enables trans-
verse beam scanning on the sample. After the beam splitter,
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Fig. 1 Combined PS-OCT and Mueller matrix polarimeter schematic.
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the beam passes through a QWP @ 22.5 and a scan lens and is
then reflected by a reference mirror. A variable attenuator is
placed in front of the reference mirror to attenuate light returning
from the reference arm. The attenuator is adjusted to optimize
the modulation depth of the raw OCT interference term.

Subsequently, both the probe and the reference beams enter a
polarization beam splitter, which spatially separates the horizon-
tal and vertical polarization components of these two beams.
The spectrum of these two components is simultaneously
detected by two custom-made spectrometers consisting of a col-
limating lens with a focal length of 75 mm (Edmund Optics,
Barrington, New Jersey), a 1800 lines/mm volume holography
transmission grating (Wasatch Photonics, Logan, Utah), an
assembly of triple lenses with an effective focal length of
150 mm, and a line array CCD camera (spL.4096-140k, Basler,
Highland, Illinois). The acquired interference spectrum data are
transferred to a computer system using a National Instrument
image acquisition card (PCI 1433). Data processing algorithm,
control, and display software are developed using LabView
(National Instruments, Austin, Texas). During lateral scanning
of the illumination beam on the sample, multiple A-scans are
acquired and processed. At the end of the scanning cycle, an
intensity-based cross-sectional image (B-scan) of the sample
is reconstructed and displayed on the computer screen.

In Fig. 1, the Mueller matrix system is detailed with the blue
light path. A CCD camera (Evolve Delta, Photometrics, Tucson,
Arizona) with a 0.60x microscope lens (HRDO60-NIK,
Diagnostic Instruments) attached was secured above the sample
objective to allow focusing on the height adjustable stage. A
linear polarizer (Prinz, Northbrook, Illinois) and two liquid crys-
tal retarders (LCRs; Meadowlark Optics, Frederick, Colorado)
between the lens and sample objective form the PSA of the
polarimeter. Employing the same sample objective for the two
imaging systems ensures they are imaging the same region of
interest. IP in Fig. 1 indicates the light source arm for the
MMP. An 530 nm LED (MS530L, Thorlabs, Newton, New
Jersey) was oriented to illuminate the sample at an incident
angle of 45 deg and collimated with a 30 mm diameter tube
and a 25 mm diameter plano-convex lens (Newport, Irvine,
California). The incident light was linearly polarized (LPVIS100,
Thorlabs, Newton, New Jersey) and then retarded using two
LCRs before reaching the sample to create four different polari-
zation states. These four different states were then used to cal-
culate the Mueller matrix of the sample. MATLAB (Mathworks,
Natick, Massachusetts) was used to control the devices and ana-
lyze the data acquired by the MMP which had a field of view of
3 mm and a resolution of 5.8 um using the shared sample
objective.

2.1 Calibration of PS-OCT-Mueller Matrix and
Co-Registration of Images

The calibration of the MMP system follows a standard method-
ology utilized by our group in several applications.*>* An Ag-
coated mirror was tilted beneath the sample objective on the
stage and adjusted so that the maximum intensity of light was
reflected from the source into the analyzer above the objective.
For calibration, the IP was adjusted to contain a motor-con-
trolled linear polarizer and a QWP in series after the LED
light source. Six images were taken with the polarimeter using
six different retardances programmed into the LCRs as the linear
polarizer’s optic axis was rotated between 0 deg and 180 deg
with a step size of 10 deg. Four images with different retardan-
ces are the minimum required to generate a four-element Stokes
vector; however, six images were used in order to increase the
accuracy of the calibration matrix generated after the imaging
process. The order of the linear polarizer and the QWP was
then reversed before repeating the same imaging process. The
imaging process and the algorithm for calibrating the MMP
using the images taken are discussed in detail in a previous
publication.’!

In order to validate the Mueller matrix function of the MMP,
air was used as the standard. The same imaging process used
previously for the MMP calibration was again used before
constructing a Mueller matrix. Similar to constructing Stokes
vectors, four Stokes vectors are the minimum amount of data
required to construct a 16-element Mueller matrix. Having more
information as the imaging process used did allow for more
accurate results. The Mueller matrix of air calculated from
images taken from the MMP system are shown below. The
error is 0.40% from the ideal Mueller matrix of air.

0.997 -0.000 0.001 -0.005
0.004  1.000 0.010 -0.001
-0.001 0.004 0.991 0.002
0.001 -0.002 0.009 0.999

To evaluate our PS-OCT system and to test its effect on the
polarization of light returning to the spectrometers, we placed a
QWP in front of a mirror onto a rotational stage. The optic axis
of the QWP was varied from 0 deg to 180 deg in steps of 10 deg.
Its phase retardance was calculated at each position. Figure 2
shows the plot of phase retardance as the optic axis of the
QWP was rotated. The standard deviation of the measured phase
retardances was 0.89 deg which demonstrates the system’s
insensitivity to sample axis rotation in the plane perpendicular
to ranging of the laser light.
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Fig. 2 Plot of measured retardance as a function of fast axis orientation.
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Fig. 3 Co-registration image of engraved industrial plastic: (a) MMP
and (b) PS-OCT.

The shared objective lens ensures that the PS-OCT and MMP
systems are imaging the same region of interest. The co-regis-
tration of the systems was validated by constructing OCT
en face images and comparing them to the MMP system. C-
scans of 4 X 4 X 1.5 mm (256 X 256 x 520 pixels) were gener-
ated by ImageJ (National Institutes of Health, Bethesda,
Maryland) using a stack of B-scan OCT images collected at dif-
ferent lateral positions from the sample. En face images were
then generated by extracting and summing signals within a con-
stant depth (2 mm) of the three-dimensional data. Orientation of
CCD camera for MMP and scanning voltage for PS-OCT is
finely adjusted for the purpose of co-registration. Figure 3 shows
the images from (a) PS-OCT and (b) MMP. In this example,
the number 3 from a ruler was displayed at the same position
in both images, demonstrating the spatially co-registration of
two systems in a single platform. All images were smoothed
with a 3 X 3 Gaussian filter.

2.2 Biological Samples

Heart leaflets were excised from baboon hearts donated from the
Mannheimer Foundation which had previously euthanized the
animals for reasons unrelated to our study. The hearts were
stored in a —80°C freezer as tissue awaiting disposal before
being acquired. Heart valve leaflets are highly birefringent due
to their abundance of collagen fibrils. Changes in the concen-
tration, or orientation of collagen fibrils within the leaflets, may
cause alteration of the birefringence signature. Collagenase was
selected in order to cause structural damage to the tissue.
Chemical damage was induced by incubating a portion of the
leaflet (2 mm X 2 mm X 0.5 mm) for 20 min in a solution of
0.14 g collagenase powder dissolved in 2.8 mL phosphate-buf-
fered saline, 0.3 mL fetal bovine serum, and 0.3 mL antimicro-
bial solution at 37 °C. The experiment was used to demonstrate
the sensitivity of PS-OCT-MMP to varying birefringence result-
ing from collagen contained in the leaflet. Birefringence maps
were generated from the PS-OCT images, while Mueller matrix
decomposition was performed on images taken by the MMP.
In a second set of experiments, freshly excised bovine ten-
dons, obtained from the local abattoir, were extracted from the
posterior side of the hind limbs. Tendon pieces were cut into
strips measuring approximately 4 mm X 4 mm X 2 mm. Ulti-
mately, change in the tendon structure was induced through ther-
mal damage. A metal rod was heated at 260 °C and then put in
contact with a tendon sample for a period of 2 s and for less than
0.5 s to achieve lower damage. The tendon samples were imaged
to allow both the burned and the healthy sections to be visible
simultaneously. Finally, tendon from the same animal was
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arranged on a rotational stage so that the axis of the sample
could be rotated. Images were taken at —20 deg and +60 deg
from the principal axis of our system, measured retardation was
then compared within both systems.

3 Results and Discussion

An example of a Mueller matrix image generated by our system
is shown in Fig. 4 from imaging chicken tendon and shows sim-
ilar patterns in Mueller matrix elements as presented by recent
MMP of birefringent tissues. This can be seen as a symmetric
pattern around the diagonal of the Mueller matrix with certain
elements having reverse signs as discussed by He et al.>? and
Sun et al.>

3.1 Heart Valve Leaflet

Results of the Mueller matrix decomposition and PS-OCT im-
aging of heart valve leaflets are shown in Fig. 5. The black-dot-
ted line indicates the location of the PS-OCT B-scans, and the
dark spots oriented diagonally in Fig. 5(e) are water droplets
located on the stage as seen in Fig. 5(a). Clear differences in
the birefringence of the leaflet was observed between the
fresh and collagenase deteriorated samples shown in Fig. 5. The
depolarization values of the fresh leaflet are greater when com-
pared with that of the deteriorated leaflet as shown on a scale of
0 to 1.0 in Figs. 5(d) and 5(i), 1.0 indicating a complete depo-
larization of the incident polarized light. The decrease in depo-
larization can be correlated with Figs. 5(b) and 5(g) which show
PS-OCT B-scan images of the fresh leaflet and deteriorated leaf-
let, respectively. The PS-OCT image in Fig. 5(b) shows a half
oscillation (i.e., the full oscillation is shown by a color change
from red to blue and again to red), indicating a phase shift of
~90 deg this is in contrast with Fig. 5(g) in the collagenase-
treated sample, where the retardance is highly uniform through-
out the deteriorated leaflet. This may be attributed to the loss of
anisotropy and birefringence due to the randomization and
destruction of collagen fibrils via collagenase activity. The
destruction of the oscillatory pattern in phase retardance caused
by loss of birefringence may explain the decrease in the depo-
larization effect of the tissue and can also be correlated with a
loss of collagen content due to collagenase activity.**® There is
negligible difference between the Mueller matrix decomposed
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Fig. 4 Mueller matrix of chicken tendon.
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Fig. 5 Fresh leaflet: (a) CCD image, (b) PS-OCT B-scan phase
retardance, (c) MM retardance, (d) depolarization, (e) diattenuation.
Deteriorated leaflet: (f) CCD image, (g) PS-OCT B-scan, (h) MM
retardance, (i) depolarization, and (j) diattenuation.

diattenuation between leaflet samples while in the retardance
images some heterogeneous changes can be noticed particularly
in the top portion of the figure. Calculation of the total depo-
larization obtained with MMP is finally related to the DOP
uniformity (DOPU) introduced by Gotzinger et al.’’ DOPU
is expressed mathematically as resembling the expression for
the DOP often used in optics.! Since PS-OCT is based on coher-
ent light detection, the DOP is always equal to unity. The DOPU
expression instead yields values <=1, the main hypothesis
being that by spatial averaging the local Stokes vectors of a sam-
ple concomitant speckles are also averaged.

DOPU - \/Qﬁqean + U%‘lean + V%wan'

The calculation of the DOPU is achieved with a two-dimen-
sional sliding average window in (x, z) directions. In our case,
the window was 10 pixels X 10 pixels, similar to what was used
by others.”® The total depolarization of the treated and untreated
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Fig. 6 Attenuation coefficient (solid), DOPU (dashed line), total depo-
larization (crossed line): (a) fresh leaflet and (b) damaged leaflet.

sample relates positively to the DOPU, as both metrics are
higher in the untreated sample. While the total depolarization
is cumulative the DOPU can be studied over depth as shown
in Fig. 6. Similarly, we may calculate the attenuation coefficient
for the samples. This is done utilizing the intensity image and
then calculating the loss of intensity over depth, 50 pixels in the
x directions were averaged to increase the SNR. The data were
ultimately fit with an exponential function of the form I~
V/(e7%) where p, is the total attenuation coefficient and L
is the depth of the sample, 2 is added to account for the round-
trip travel. In the figure, only the fitted data are shown (solid
lines). In Fig. 6, we summarize the results of our quantitative
analysis. Higher attenuation is expected to influence the total
depolarization calculated through MMP. For the samples
shown, the total attenuation coefficient was g, = 9.6 mm~! for
untreated leaflet and p,, = 0.6 mm~! for the treated leaflets.
DOPU is lost at a higher rate in the untreated sample than
the treated ones, indicating a higher depolarization ability of
this sample, this is ultimately reflected in the Mueller matrix
assessment of total depolarization [crosses in Figs. 6(a) and
5(d)] which is higher for untreated than treated samples.

3.2 Tendon

Fresh tendon is highly birefringent due to its collagen structure,
its birefringence can be decreased through thermal damage.
When the collagen in the tendon denatures due to heating, or
other injuries, a decrease in birefringence can be observed. In
PS-OCT of fresh tendon seen in Fig. 7(d), the banded structure,
indicative of birefringence, is clearly visible to a depth of
750 pm and making full oscillations between 90 deg and 0 deg
as polarized light travels deeper into the tissue. This is expected
in tendon, which has high optical anisotropy. Figure 7(a) is a
retardance image taken of fresh tendon by the MMP and
shows some areas of greater retardance in an image with retard-
ance mostly between 60 deg and 100 deg. Figure 7(b) is an en
face image of the surface of the fresh tendon. The black-dotted
line indicates the location of the PS-OCT B-scan in the MMP
and OCT en face images. A strong and uniform pattern of phase
retardance consistent with undamaged tendon can be seen
around the burn site in Fig. 7(h). The image clearly shows a
disappearance in the birefringence at the center of the burned
zone. For comparison, Fig. 7(g) shows OCT image of the
total backscattered intensity of the burned tendon. Less back-
scattered light from the burned area is observed. The colored
bands changing around the burned area in Fig. 7(h) reveal
important structural information not evident in the OCT
B-scans of either tendon sample.

Figure 8 shows the tendon that was burned for 2 s while the
superficially burned tendon is seen in Fig. 7. There is a clear
difference between the samples. Seen in Fig. 8(a), the darkened
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Fig. 7 Fresh bovine tendon: (a) MM retardance, (b) OCT en face, (c) OCT B-scan, and (d) PS-OCT
B-scan. Superficially burned bovine tendon: (e) MM retardance, (f) OCT en face, (g) OCT B-scan,

and (h) PS-OCT B-scan.

area at the center of the image and the area toward the bottom
right of that section represent the locations where heat was
applied. There is substantial increase in the diattenuation of
the tendon in Fig. 8(b) where the darkened burn marks are
present in the raw image. The actual burns themselves show a
decrease in diattenuation compared to the rest of the image in
focus and illuminated. Note that diattenuation relates to a mate-
rial’s favorable absorption of linearly polarized light in a spe-
cific orientation. The constriction of collagen fibers between
the burns may factor in the area of heightened diattenuation. In
the PS-OCT image of Fig. 8(e), a section of uniform phase retard-
ance can be seen toward the right of the oscillating pattern typ-
ically exhibited by tendon. This section indicates the burned tissue
similar to the burned tendon in Fig. 7. Figure 8(c) shows that there
is a decrease in depolarization at the center of the burns.

Retardance (deg

Finally, Fig. 9 shows the results obtained with a chicken ten-
don sample oriented at two different orientations. The dotted
line on the PS-OCT B-scans indicates where the data for the
local phase retardation calculations were taken.

The chicken tendon showed in Fig. 9 reveals little change in
the Mueller matrix decomposed retardance as the tendons ori-
entation is changed beneath the sample objective shown in
Figs. 9(a) and 9(c). This is also shown in the PS-OCT and
corroborated in other work involving axis orientation and
retardance.®” The PS-OCT images of retardation show the typ-
ical oscillatory pattern, as the other bovine tendon samples.
Local retardation was ultimately calculated with the algorithm
by Jiao et al.** and proposed by others.*! The results of the fit to
the cumulative data are shown in Fig. 9. Using this approach, the
sample is modeled as a stack of retarders within the imaging
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Fig. 8 Burned bovine tendon: (a) CCD image, (b) diattenuation, (c), depolarization, (d) MM retardance,

and (e) PS-OCT B-scan.
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Fig. 9 (a) Chicken tendon MM retardance orientation 60 deg, (b) cumulative phase retardation, (c) local
phase retardation data and model, (d) chicken tendon MM retardance orientation —20 deg, (e) cumulative
phase retardation, and (f) local phase retardation data and model.

apparatus. The determination of the modeling retarder retarda-
tion and spacing is critical to this approach. In our calculation,
the local retardation for the sample was calculated as 25 deg with
each retarder being ~30 ym in thickness. In comparison, the
cumulative retardation obtained with the Mueller matrix is in the
range of 25 deg to 35 deg. Further work remains to be done to
truly understand how the two measurements relate to each other.

4 Conclusion

We have introduced a combined PS-OCT-MMP and illustrated
how this multimodal imaging technique can provide structural
information about tissues using heart valve leaflets and tendon.
Damage of leaflet structure with collagenase was identified
by decomposing the depolarization parameter of the Mueller
matrix, showing the tissue had less of a randomizing (lower
attenuation coefficient) effect on polarized light backscattered
from the leaflet. Several authors are using the DOPU for auto-
matic segmentation of the retinal pigmented epithelium®’>® and
other depolarizing structures. This seems counterintuitive, as the
Jones calculus does not account for depolarization yet these
authors consider the random polarization state of the resulting
speckle as causing the DOP to be lower than 1. With our
approach, the true depolarizing property of a sample calculated
through the decomposition of the Mueller matrix was related to
the PS-OCT DOP. Not only the DOP and DOPU were consistent
for the samples under study but also their behavior seems to
relate to the attenuation coefficient and the scattering property
of the material that can be extrapolated through PS-OCT. We
acknowledge the fact that on layered structures such as the retina
the localization of the depolarization is not feasible without a
robust inverse model, nevertheless this is a first attempt at relat-
ing the DOPU and DOP directly.

Areas of thermal damage to tendon were also observed by
decomposing the diattenuation and depolarization components
of the Mueller matrix in the deeper burned sample. Changes in
the normal retardance pattern of tendon were identified where
large changes in depolarization and diattenuation were seen
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in the more severely burned tendon. It was expected that signifi-
cant damage to birefringent tissue would change its effect on
polarized light as normal structure and scattering profile is
lost. This experiment shows how PS-OCT could be used to cor-
roborate Mueller matrix results as they could show changes in
material properties at different depth that are not visible through
wide-field imaging. Finally, the last example in Fig. 8 shows
another potential application of this approach. Both MMP (in
back reflectance) and PS-OCT can provide measurement of
cumulative retardation of a sample and birefringence. In PS-
OCT, models have been proposed to convert the cumulative
retardation into local retardation® yet true quantification of
this parameter seems elusive. The combined approach could be
utilized to refine models of local retardation, particularly as
many models rely on the measurement of the surface retardation
as a starting point for the model.*' Naturally, this would require
a clear understanding of the Mueller matrix sampling depth, as
well as uniform and well-calibrated samples ultimately com-
bined with computational approach. In conclusion, we believe
this combined approach is a starting point in obtaining more
quantifiable PS-OCT measurement at the same time we believe
PS-OCT could be used in this combined system to better under-
stand Mueller matrix decomposition results. Further work is
needed to achieve both goals.
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