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Abstract

Extensive research with polarimetry and Mueller matrix has been done for chemical measurements and possible cancer detection. However, the
effect of thermally denatured biological tissue on polarization changes is not well known. The purpose of this study is to characterize
polarization changes in collagen due to thermal denaturation. The variations in polarized state caused by thermal damage were investigated by
obtaining the Mueller matrix elements of collagen sample at multiple thermal damage levels. The changes in birefringence of denatured
collagen were also investigated. This information could be used to determine the extent of thermal damage level of clinically heat treated tissues.
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| . INTRODUCTION

he non-invasive optical approaches utilizes the property

of light such as intensity, orientation or polarization,
and wavelength, after either being transmitted through or
reflected from a tissue. Polarimetry, which can characterize
the optically active materials such as glucose and biological
tissues with the polarized light source, was first discovered in
the early 1800s by Biot. Throughout the past decade,
considerable research has been performed to utilize the
concept of polarimetry for detecting the blood glucose levels
in the body [1-5]. The principle of this technique is based on
the ability of certain optically active molecules referred to as
chiral molecules to rotate the incident polarized, or light
propagating in a particular direction, through a certain angle.
March and Rabinovitch proposed the eye as a suitable test site
for the non-invasive detection of blood glucose using the
Faraday effect [4,5]. They showed the glucose present in the
aqueous humor of the eye could directly be correlated with the
blood glucose levels.

Extensive research has been performed in developing a
non-invasive polarimetric sensor which utilizes the anterior
chamber of the eye as a potential test site [6-13]. Coté et al.[7]
reported the potential for millidegree sensitivity with a system
utilizing a true phase polarimetric techique. They developed
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an open-loop phase technique and theoretically accounted for
the possible noise sources in the in vivo system. This work
was followed by Goetz et al. [8], who built a system similar to
that proposed by March, which was capable of microdegree
accuracy. A multispectral system using a single pockel cell,
that was capable of estimating the amount of glucose in the
presence of other optically active molecules, was developed
by King et al.[14]. Cameron et al. [13] took the development
of a non-invasive polarimeter for glucose sensing a step
forward by developing a digital closed-loop control for the
optical system. This setup was similar to that of Goetz but
improved considerably the repeatability and stability while
maintaining the accuracy.

The concept of the Mueller matrix was developed by Hans
Mueller in 1943. The Mueller matrix can mathematically
characterize the polarization state of any optically active
element. In conjunction, the Mueller-Stokes vector calculus
can be utilized to determine mathematically the effect of an
optical element on the change of incident light beam. To show
the intimate relationship between the Stokes and the Mueller
matrix, the complete polarization-scatter experiments were
conducted by Bickel and Bailey [15] with highly motivated
measurements. Bickel et al.[16] was the first to demonstrate
that the useful information could be obtained by investigating
the effect of polarization in scattered light of a biological
material. Later, they showed the use of polarized light
scattering as a tool for cell differentiation. The measurements
were performed on biological cell suspensions and showed
potential for cell characterization. Thus this research served as
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the foundation for further research to characterize the
polarization state of biological tissues and turbid media
[17-21]. Zeitz et al. [22] reported the potential use of the
differential scattering of circularly polarized light to probe
polynucleosome superstructure. Furthermore, the spatially
dependent intensity patterns of polarized light, that is
diffusely back-scattered from turbid media, could be used to
distinguish between normal and cancerous tissues [23].
Rakovic et al. [24] presented a numerical method for the
simultaneous calculation of all 16 elements of the effective
back-scattered Mueller matrix and also proved that there were
only 7 independent elements in the 4x4 matrix.

The Monte Carlo technique was used in studying the
backscattering of a polarized laser beam from a plane-parallel
medium [25]. The degree of polarization of the diffuse light
was investigated when the incident beam was right circularly
polarized. Cameron et al. [26, 27] demonstrated a numerical
method that allows the simultaneous calculation of 16
elements of the backscattering Mueller matrix. They used the
Monte Carlo method to simulate the effective backscattered
Mueller matrix for a polystyrene suspension.

[I. METHODS

A. Mueller Matrix Theory and Data Acquisition

The Stokes vector S of a light beam is based on seven flux
measurements with different analyzers in front of the
detectors. In equation (1),

0
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O,H, V,P,M, R, and L are the intensities of unpolarized light,
horizontaily polarized light, vertically polarized light, + 45
degree polarized light, - 45 degree polarized light, right
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circularly polarized light, and left circularly polarized light.
The Mueller matrix of a sample transforms an incident
Stokes vector into the corresponding output Stokes vector.

Sour = M5y, @

In equation (2), S,,, S<, and M are output Stokes vector,
incident Stokes vector, and Mueller matrix, respectively. The
4 x 4 Mueller matrix can be presented in equation 3. The
symbols consisting of double polarization states represent
detected signals with the input polarization state denoted by
the left letter and the output polarization state denoted by the
right letter. For example, HV refers to a detected signal with
horizontally polarized input state (H) and vertically polarized
output state (V).

Therefore, by exposing the sample to each polarization
state, at each respective input state, the Mueller matrix of the
sample can be reconstructed, in which a total of 7 X7 =49
separate images or detected signals must be required. The
Mueller matrix can further be reduced by using the relation,
H+V=0. Thus 6 X6 =236 detected signals need to be
acquired to reconstruct the Mueller matrix of the sample.

The optical system for acquiring the Mueller matrix
elements for the collagen sample is shown in Fig. 1. A laser
diode (633 nm wavelength) was used to provide a input laser
beam. The input laser beam was polarized via various
polarization optics, such as the polarizer, polarization rotator,
and variable retarder to obtain the desired input polarization.
This beam after passing through input optics was directed
onto the sample reflected by mirror and then imaged through
polarization output (or analyzer) optics, which are similar to
the input polarization optics, using the CCD camera (Lynxx
2000, Spectra Source Instruments, CA). The CCD camera was
used at the final output stage to obtain the data under various
combinations of input and output optics. The CCD array size
was 338X 244 and the pixel size was 10X 10/m*. The
exposure time for the camera was set at 0.04 sec.
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Fig. 1. The automated optical setup for obtaining the Mueller matrix of a sample.
(P: Polarizer, PR: Polarization Rotator, VR: Varizble Retarder, S: Sample, SR: Sample Rotator)

The automated system includes polarizers, polarization
rotators, and variable retarders to provide the necessary
polarization states at the input and at the output stages. In the
automated setup, all the optics are fixed so that there are no
manual adjustments to the retardation and polarization of the
beam of light. The automated system for obtaining the optical
characteristics of a sample can be realized by using variable
retarders and polarization rotators, which are voltage controlled.

The polarization rotators used in the set up are liquid crystal
devices(MeadowLark Optics, CO), which consists of a
retarder combined with a zero-order polymer quarter wave
retarder. The fast axis of one retarder is oriented at 45 to the
slow axis of the other. Polarization rotation is achieved by
electrically controlling the retardance of the liquid crystal
variable retarder, thus eliminating any mechanical motion.

The response time for the polarization rotator depends upon
the desired rotation. Small rotations have longer response
times. The voltages, required for a set of rotations of
polarizers and retarders, are essential to obtain different
orientations of the input and output polarization states. The
polarization rotators are aligned such that the fast axis of the
quarter wave retarder within the rotator is aligned in parallel
to the transmission axis of the polarizers. The variable
retarders used in the automated optical setup are also liquid
crystal devices(MeadowLark Optics, CO), with the long axis
of the liquid crystal molecules defining the extraordinary or
slow index. The typical response time for the retarder is about
5ms to switch from one-half to zero waves and about 20ms to
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switch to switch from zero to one-half wave. The polarization
rotators and the variable retarders are driven by an AC 2 kHz
square wave of adjustable amplitudes with zero DC components
for their optimum performance.

Thus, the different orientations of the input and the output
polarization states can be obtained by controlling and
changing the amplitudes. of the AC square wave to the liquid
crystal variable polarization rotators and the variable retarders.

Large collagen film(2 < 2 inches) was divided into four
pieces and marked on the left corner of each piece to make
sure all four pieces have the same fiber orientation. Three
pieces were denatured in the temperature controlled water
bath for three different heating times at 30 seconds, 2.5
minutes, and 6 minutes. Water temperature was maintained at
65 °C with the electric heater and controller. The temperature
variance was = 1 °C. Then denatured collagen samples were
recovered in the room temperature water bath for 30 minutes.
So one native and three differently denatured samples were
prepared.

Each sample was sandwiched between microscope slides
and mounted onto the sample rotator. The Mueller matrix
measurements were performed by rotating the samples from 0
- 180 degrees to test the effect of fiber orientation and find out
the rotation angle for the maximum differences between the
native and three denatured samples.

In order to fully characterize the polarization state of the
light passing through the sample, the 16 elements of the 4 4
Mueller Matrix was acquired via 36 images using various



input and output polarization optics. These 36 images consist
of combinations of Horizontal(H), Vertical(V), + 45(P), -
45(M), Right circular(R), and Left circular(L) polarized light,
at the input and output stage. The different combination of
input and output polarization states that formulate an element
in the Mueller matrix is represented in the equation 4.

The CCD camera allows us to image the varying intensities
across the entire area, thus having an advantage over the
single point silicon detector. The camera has an in-built
software that permits the automatic opening of the shutter,
clearing of the CCD array, collecting the images, averaging
the images, removing the noise, and digitizing of the images.

B. Finding Fiber Orientation

The Mueller matrix results depend on the fiber orientation
of the sample. Thus the information of the gross fiber
orientation of the sample is required. Sacks et al. [27] showed
that light is scattered perpendicular to the fiber axes and the
light scattering pattern is symmetric about the preferred fiber
direction(see Fig. 2). The fibrous network of the sample
optically behaves like a two-dimensional assembly of single
slits with assumption of no optical interactions. According to
single-slit diffraction theory, light is scattered in a direction
perpendicular to the fiber axis [28].

Fig. 3 shows the setup to find out the fiber orientation. A
HeNe laser(633 nm) was used as light source and the collagen
sample, which was sandwiched between microscope slides,
was mounted on the rotator. The detector placed away from
the optic center with distance R(the maximum scattering
radius). The beam after passing through the sample showed
the similar scattering pattern in Fig. 2. Thus, by rotating the
sample, the peak intensity could be found with the detector
and the optometer. Because light is scattered perpendicular to
the fiber direction, the angular fiber orientation can be
calculated as below.

¢=0,+90 (5)
where @ is the angular fiber orientation and 6, is the

sample rotation angle at peak intensity.

Fiber preferred
direction(®)

Scattered light
pattern

Fig. 2. The scattered light pattem due to fiber orientation.
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Fig. 3. The setup for finding the fiber orientation.

lil. RESULTS AND DISCUSSION

A. Fiber Orientation

The scattered beam intensity was measured with the setup
described in Fig. 3. The native collagen sample rotated with
10 degree increments over the 360 degree range. Near the
angle of the peak intensity, the scattered beam intensity was
detected with 2 degree increments.
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Fig. 4. Beam intensity changes due to sample rotation.

Two peaks were detected at the rotation angles of 54° and
234° over the 360° range. Thus, the fiber angular orientation
can be represented by the equation 5. (¢ =0, + 90° =54° +
90° = 144°) Fig. 4 shows the light scattering pattern is nearly
symmetric about the preferred fiber direction. This measured
fiber orientation was used as a standard for the Mueller matrix
experiments.

B. Mueller Matrix Experiments

The Mueller matrix elements were obtained for each collagen
sample using the automated system. These measurements were
performed with rotating the sample at 0 , 45, 90, 135, and 180
and repeated three times. One native and three differently
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Fig. 5. The effect of the thermal damage of collagen sample on the Mueller matrix elements at the sample rotation angle 8 = 0°
(Native: No heat damage, d1: Tissue damage level 1, d2: Tissue damage level 2, d3: Tissue damage level 3).
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Fig. 6. The effect of the thermal damage of collagen sample on the Mueller matrix elements at the sample rotation angle 8 = 45°
(Native: No heat damage, d1: Tissue damage level 1, d2: Tissue damage level 2, d3: Tissue damage level 3).

denatured states were investigated in this study.

To determine each of the 16 Mueller matrix elements, a
total of 36 images were taken at various combinations of input
and output polarization states. Each of 16 experimental
elements was calculated by adding or subtracting a series of
image data according to equation 4. The individual Mueller
matrix elements(s11, s12, s13, and etc.) are represented by a
two-letter combination that denotes the input polarization and
output analyzer orientation(i.e., s11= HH+HV+VH+VV, and
HV denotes horizontal input polarization and vertical output
polarization analyzer). The corresponding symbols denoting
polarization are H(horizontal), V(vertical), P(+45°), M(-45°),
R(right circular), and L(left circular). The Mueller matrix of
the mirror was experimentally obtained and corrected for
calculating the Mueller matrix of the collagen sample. The
experimental setup shown in Fig.1 can be easily converted to
measure the backscattering Mueller matrix of the actual
animal skin in vivo by removing the mirror and put the animal
at the mirror position.

Fig. 5 shows the effect of the thermal damage of collagen
sample on the Mueller matrix elements at the sample rotation
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angle 6=10°. Because the fiber angular orientation is 144°
with no rotation of the sample, the actual fiber orientation is
also 144° 1in this position. The denatured samples which are
denoted as d1, d2, and d3 were thermally treated in the 65°C
water bath for 0.5, 2.5, and 6 minutes, respectively. The
temperature of the water bath was controlled by the electric
heater with &+ 1°C variance.

Each of the individual elements has been normalized with
respect to the s11 element of the Mueller matrix. Thus s11 is
always 1 and the standard deviation of s11 is 0. The elements
s12, s13, s14, s21, s31, and s41 show small values while the
822, 524, 33, s42, and s44 shows large values. The elements
s12, 524, and s33 are increased with increasing thermal
damage while s42 is decreased as thermal damage increases.
The elements 22, s32, and s44 show up and down pattern for
thermal damage changes.

The effect of thermal damage on the Mueller matrix at the
sample rotation angle # = 45° is shown in Fig. 6. The fiber
angular orientation is 189° in this position. The elements 512,
s13, sl14, s21, s31, and s41 do not show any considerable
change for different heating levels. The element s34 shows the
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Fig. 7. The effect of the thermal damage of collagen sample on the Mueller matrix elements at the sample rotation angle =90
(Native: No heat damage, d1: Tissue damage level 1, d2: Tissue damage level 2, d3: Tissue damage level 3).
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Fig. 8. The effect of the thermal damage of collagen sample on the Mueller matrix elements at the sample rotation angle =135
(Native: No heat damage, d1: Tissue damage level 1, d2: Tissue damage level 2, d3: Tissue damage level 3).
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Fig. 9. The effect of the thermal damage of collagen sample on the Mueller matrix elements at the sample rotation angle =180
(Native: No heat damage, d1: Tissue damage level 1, d2: Tissue damage level 2, d3: Tissue damage level 3).

decreasing trend with increasing thermal damage while s43 is
increased as thermal damage increases. The other elements
such as s22, s23, 524, 533, s42, and s44 show irregular changes.

Fig. 7 shows the effect of thermal damage on the Mueller
matrix at the sample rotation angle 6 =90 . Thus the fiber
orientation is 234 . The elements s12, 513, s14, s21, s31, and
s41 show weak signals over the all heating levels including
the native state. Only the element s42 shows increasing trend
with increasing thermal damage. The other elements are
showing no pattern even though they show considerable
changes due to thermal damage. -

At the sample rotation angle # = 135 (the finer orientation is

279), the thermal damage effect on the Mueller matrix is
shown in Fig. 8. Similarly, the elements s12, 513,514, 521, 531,
and s41 show small values and the element s12 shows slightly
increasing trend for the increased thermal levels. The elements
822, 823, 824, s32, 533, 534, 542, 543, and s44 show changes
but no considerable pattern for thermal damage changes.

The effect of the thermal denaturation at the rotation angle
6 =180, so the fiber orientation is 324 , is shown in Fig. 9.
Again, the elements s12, s13, sl14, s21, s31, and s41 show
small values. The elements s22, s24, s33 show large values
and increasing pattern with increasing thermal damage level
while other elements show no trend.
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The Fig. 10 shows the comparison between the changes of
the Mueller matrix elements and the scattering changes. The
scattering coefficients of the native and three denatured
samples were determined with integrating sphere technique.
Each change ratio was calculated with respect to the each
value at the native state. The Mueller matrix elements at the
sample rotation angle § =0 were used for these calculations
because the changes and trend at this orientation were the
most considerable.
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Fig. 10. Mueller element changes vs. scattering changes
(Native: No heat damage, d1: Tissue damage level 1, d2: Tissue
damage level 2, d3: Tissue damage level 3, mu_s : reduced scattering
coeffiecent).

The Mueller matrix elements s12, s24, and s33 show
increasing trend as thermal damage increases. The maximum
change of the element s24 is + 186% at the highest heating
level. The elements s12 and s33 show the changes of up to +
117% and + 20.8%, respectively. The element s42 shows
decreasing trend in thermal denaturation and the maximum
change is - 102%. The scattering coefficient decreases up to -
68% with increasing thermal damage. The scattering change
is saturated at the second heating level (d2). However, the
Mueller elements are not saturated in this heating range.

To investigate the effect of the fiber orientation on the
Mueller matrix, each element was averaged over the all
sample rotation angles. In general, large standard deviations
in the native state which mean the effect of fiber direction on
the Mueller matrix is considerable. With increasing thermal
damage, the standard deviations of the Mueller matrix
elements are decreasing. The results imply that the effect of
fiber orientation on the Mueller matrix decreases as thermal
damage increases.

IV. CONCLUSIONS

The Mueller matrix elements were obtained for native and
denatured collagen samples at different sample rotation angles
using the automated data acquisition system. The changes of
the Mueller elements depended on the sample rotation angle or
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fiber orientation. These changes decreased as thermal damage
increased because of the increased randommess of fiber
formation due to thermal denaturation. This implies the
birefringence loss of collagen due to thermal denaturation.

For a certain fiber orientation, some of the Mueller matrix
elements such as s24 and s33 showed an increase with
increasing thermal damage level while s42 showed the
decreasing pattern. According to the comparison between the
changes in the Mueller matrix elements and in scattering, the
scattering changes saturated in the applied damage range
while some of the Mueller elements continuously changed.
The changes of polarization characteristic represented by the
Mueller matrix can be used as a tool for determining the
thermal damage extent of the collagen sample.
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