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Abstract- Polarimetric imaging of Stokes vector (I, Q, U, V) can provide independent signatures of polarization and depolarization of
biological tissues and cells. Using a Stokes digital imaging system, we measured the Stokes vector images of tissue samples from
sections of rat livers. The derived Mueller matrix elements can quantitatively provide five-signature (mgz, My;, My, My3z and Ma3)
imaging data for the bio-sample. The images of four independent optical properties: linear-dichroic polarization, depolarization,
cross-polarized depolarization and phase retardation of the test sample are then derived. The probability distribution for these
parameters can also be obtained from the imaging data. Based upon the anisotropic orientation distribution of ellipsoid model bio-
molecules, five matrix elements, mg;, my;, My, M,z and Mg were simulated to obtain the estimated optical properties to compare with
those measured properties of the sample. This polarimetric multi-signature optical technology is a new option of biosensing
technology to inspect the structures of tissue samples and is useful for critical disease discrimination and medical diagnostics
applications.
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l. INTRODUCTION

Molecular imaging technology of bio-medical materials such as cell, protein, tissue, etc. is of major interest in biophotonics
[ Bio-medical materials are, in general, optically anisotropic and highly photon-scattering ). The anisotropic property of
bio-medium can be determined from the polarization properties of light scattered and/or transmitted from the medium.
Polarization is a basic property of light. Fluorescence polarization has been developed for bio-technology applications 4.
The single-molecule fluorescence polarization imaging of anisotropic TMR-labeled lipid molecule in a 1-palmitoyl-2-oleoyl-
sn-glycerol-3-phosphocholine (POPC) membrane and eYFP (enhanced yellow-fluorescent protein) has been demonstrated ™ ©.
The linear and non-linear full polarization optical properties of an anisotropic object, material or device, can be completely
described by a 4 x 4 Mueller matrix " 8 * 1 The Mueller matrix modeling theory has recently been developed for
investigating the optical polarization property of bio-molecule and highly scattering membrane bio-medium. The fitting
between the theory and the anisotropic imaging data of ref. 6 has been shown to be satisfactory ™ 2. The Mueller matrix
imaging systems have been recently developed for investigating the optical polarization property of bio-medical tissues 31,
Similar to other polarimetric investigations "= the optical systems and the imaging data results were reported.

There exist very few physical models for the understanding of the fundamental optical polarization properties of bio-
samples. Our theory has provided a foundation for the simulation analysis of the polarization properties of bio-molecular
media, and has correlated the polarization optical signatures of a bio-molecule with its microscopic electronic structure M2,
Based on double photon scattering, the degrees of linear-dichroic polarization scattering by a bio-molecular medium was
numerically calculated % and fitted to an experiment B!, The Mueller matrix results have shown that the bio-medium is
optically anisotropic (my; # 0) and highly scattering but not perfectly diffusive (my; = 0.3454 < 1 in eq.19 of ref. 12).
Therefore, the Mueller Stokes imaging technology based upon the five principal Mueller matrix elements mgg, My, My, Moys
and mgs is feasible for investigating the anisotropic, photon-scattering and polarization/depolarization optical properties of bio-
medical medium.

To explore the potential biomedical application and to understand the anisotropic optical property of biological samples, we
have developed a simple experiment for Stokes vector imaging measurement. We chose a forward transmission optical design
in a microscope system which is described in the next section. Three experimental steps were used to get the Mueller matrix
signature of the bio-sample under investigation. The measured images of four independent polarization parameters and the
derived distribution functions of five principal Mueller matrix elements are reported in section IIl. A biomedical
discrimination application example is also shown in section Ill. The discussion and conclusions are given in the final section.

Il. MUELLER STOKES IMAGING METHOD

A. Experimental Setup

A schematic diagram of our setup is shown in Fig. 1. A 150 W halogen lamp is connected to an optical fiber pipe to
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provide the white light source. After the light source and a 570 — 610 nm band-pass filter, a Glan-Thompson polarizer was
used to provide a linearly polarized light incident on the sample where the polarization direction could be varied by rotating the
polarizer. An optional linear polarizer (a second Glan-Thompson polarizer) and/or quarter wave plate were used in the
analyzer part to analyze the Stokes vector (I, Q, U, V) of light exiting the sample. The 600 x 800 CCD imager has a FOV
(field of view) of 144 x 192 (um?). Each pixel corresponds to an area ~ 240 x 240 nm? at the sample plane.

150 W halogenlamp
with aptical fiber
pipe

- e e b . Band-passfilter
| ] (570nm~610nm)
- |
-
Sample Stage
|

Rat liver biopsy

40X
0 |
- -— V4

Fig. 1 A schematic diagram of the experiment setup

B. Stokes Vector Measurement
The Stokes vector S = (I, Q, U, V) of light is

| 1 lg + lgg
Q lg—1
S = . q _ 0—lgo 1)
U u lss — Lss
V. v I, -1

To measure |, Q, U, only a linear polarizer is used in the analyzer part. Four measurements are performed in the sequence
of 0, 90°, 45° and — 45°. The images of 1, g, u are obtained from the measured lo, lgo, l45 and I_ss.

For incident light with Stokes vector S; = I; (1, q;, U;, V;), the Stokes vector of transmitted light is S; = I; (1, g, Uy, Vi) = M S;.
The following are the three steps taken in the experiment:

Step A: S;=1; (1, q, Uy, vi) = M S;;. Parameters q; and u; were measured. Sj; = M; S; is the incident Stokes vector for
M, which corresponds to the Mueller matrix with the linear polarizer set at 0°.

Step B: S, =1, (1, 0z, Uy, Vo) = M Sj,. Parameters g, and u, were measured. S;; = M, S; is the incident Stokes vector for
M,, which corresponds to the Mueller matrix with the linear polarizer set at 90°.

Step C: S; =13 (1, g3, Uz, V3) = M Sj5. Parameters gs and uz were measured. S;z3 = M3 S; is the incident Stokes vector for
Ms, which corresponds to the Mueller matrix with the right-hand circularly polarizer set.

C. Mueller Matrix Determination

We consider that the investigated samples are not optically active so that circular dichroism and circular birefringence are
negligible. Assume that incident light is normal to the sample surface. The laboratory coordinates (x, y, z) are chosen such
that the direction of incident light is k= (0, 0, 1) and the sample surface is the xy-plane. Let the directions of the principal
axes of the sample be €= (cos 6, sin 6, 0) and €= (- sin 6, cos 6, 0). Then the Mueller matrix for the normal transmission of
the sample is 72

M = R & M, R(6); 2
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1 Moy 0 0
Moz My 0 0
Mo=T| 0 e | (3a)
0 0 —Mas Ma3
1 0 0 0
0 cos 26 sin20 0 _
R(O) = 0 -sin20 cos26 0 |’ (3b)
0 0 0 1
my = 1-29,,
®? = Moy + Mag” +(My” + mMgg?)/2, (4)

D=1-@P= Qu+D,.

Here M, is the sample Mueller matrix in the principal frame, and M is in the laboratory frame. R(#) is the rotation matrix
that transforms a Stokes vector in the laboratory frame to the principal frame. In different chosen coordinate systems, & are
different so that M are also different. For nonzero 6, most m;; are not zero except mq3 and ms since we consider the sample not
optically active. T is the transmittance of the sample. Element mg, is the result of linear dichroism and represents the linear-
dichroic polarization. Element my; relates directly to the cross-polarized depolarization @,. Element my; is majorly caused by
linear birefringence and represent the linear-birefringent polarization. @, @, and @, are the polarization, depolarization, and co-
polarized depolarization respectively. The ellipsometric parameters yand A can then be determined by 1,

My = — PCOS 2y,
. . 5)
My = @sSin2ysin 4.
With simple mathematical algorithm, the six parameters mg;, My3, My, My3, M3z and € can be determined from the six
measured data of gy, Us, O, Uy, 0s and ug 2%, The results are

tan 20 = [u;+ Uz + Ui02— U01]/( 01+ Q2) (6)
_ 0:+ 9
Mot = 2+ 6, - ) cos 26° (60)
my = (Xa+ Xy tan 26)2, (6c)
X +
M = =g ao (6d)
Moz SiN26—u
My = = c0s26 % (6e)
M3z = —Qs. (67)
+ 2
Xa = Qu—0O2+ ﬂﬁ :
where @)
Qe+ 0o

Xp = ul—u2+(u1+u2)2+1q2_ql.

For diploe scattering by random ellipsoids, my, is negative . For simplicity and convenience, we use the positive |mo]
values for presentation.

1. POLARIZATION IMAGES AND DISTRIBUTIONS

A. Measurement Tests

For a given image pixel (i, j), the data of [mo.(i, j)I, m1a(i, J), M2(i, J), M2s(i, j) and mas(i, j) were calculated using Egs. (6a) -
(7). The probability distributions (&) (§ = [moq|, M1z, M2, Mas, Ma3 0 < & < 1) can be obtained by the histogram function of a
graphing software. In this work, we wrote a computer program to count the occurrence of the data in 1000 equal interval
ranges Ag at &; (A = 0.001, &;=jA&) and then normalized it such that the total area under f(&) is equal to 1. The five signatures
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Moz, M1, Myy, My, Mas for the transmission through a glass plate sample were measured. Theoretically the expected Mueller
matrix is a 4 x 4 unit matrix. The Mueller matrix elements mq;, m1;, Myz, Mys, M3z should be equal to O, 1, 1, 0, 1 respectively.
As shown in Fig. 2, the measured & peak values were equal to 0.03, 0.95, 0.95, 0.06 and 0.93 respectively. These data confirm
that the experiment setup was working. The additional little peak signals are due to the square shape of Glan-Thompson prism.
When we rotated the prisms in the polarizer and analyzer paths to acquire images, the incident light could not transmit fully
due to the partially overlapped area being about 85% as shown in figure. Some of the images might induce a little error when
we calculated and compiled the statistics of the signature distributions.
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Figure 2 Measured imaging probability distribution functions f(jmos|), f(m11), f(My2), f(Mzs) and f(mss) of a glass plate sample.

Three Liposyn Il Intravenous emulsion solution samples were also tested. The solution concentrations were 0.1%, 1% and
10%. These samples were used to simulate the body fat. The measured distribution f(m,;) for the three concentrations are
shown in Fig. 3. The f(my,) for the 10% concentration solution peaks near 0, that for the 1% concentration peaks near 0.3, and
that for the 0.1% concentration peaks near 1. The three f(my;) curves have demonstrated large difference of scattering effect.
The photon scattering of 0.1% concentration sample is very small and the 10% sample is nearly diffusive.
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Figure 3 Measured imaging f(my1) of three Liposyn Il Intravenous emulsion solution samples with concentrations 0.1%, 1 % and 10%.
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B. Polarization Images for Bio-Medical Tissue

A sample of non-tumor (NT) rat liver tissue of 3 um thickness was measured. Figure 4 is the image of |mg,| that shows the
spatial distribution of linear-dichroic polarization. The scale is set such that black is for |mgy| = 0 and white is for |mg| = 1.
The effect of my, is to transform between unpolarised light and linearly polarized light. For example, a good polarizer has a
large |moy|. Similarly, the image of my; for the sample is shown in Fig. 5. The scale is black for my; = 0 (diffusion limit) and
white for my; = 1 (no scattering). Reduction of my; from 1 is caused by the cross-polarized depolarization of photon scattering.
Obviously, the spatial distributions of my; and my, are very different.

Yt

Fig. 4 The image of |mo,| for a non-tumor rat liver tissue. The Figure 5 The image of m;; for a non-tumor rat liver tissue. The
marked scale is black for |mg;| = 0 and white for [mgy| = 1. scale is black for m;; = 0 and white form;; =1

Using the data of |moa(i, j)|, ma(i, j), m22(i, j), mas(i, j) and mas(i, j) for each image pixel, the pixel’s depolarization o(i, j), and ellipsometric parameters (i,
j) and A(i, j) are calculated using Eq.s (4) and (5). The image of depolarization @ is shown in Figure 6. The scale is black for ® = 0 (no depolarization) and
white for ® = 1 (diffusion limit). The depolarization here is a result of photon scattering. Apparently, m;; of Fig. 5 and @ of Fig. 6 are sort of complementary.
The image of the phase retardation 4 is shown in Fig. 7, the scale is black for A= 0° and white for 4= 90°. This picture is kind of dark indicating that the
sample birefringence is very small. The polarization images and distribution of mg;, mi;, @ and 4 of a bio-tissue are four independent optical signatures that
can be useful as clinical diagnostic tool for medical application.

Fig. 6The image of depolarization © for a non-tumor rat liver Fig. 7 The image of phase retardation 4 for a non-tumor rat liver
tissue. The marked scale is black for ® =0 and white for ® = 1. tissue. The scale is black for 4 = 0° and white for A = 90°.

C. Polarization Distributions for bio-medical tissue

The probability distribution functions f(Jmoy|), f(my1), f(My,), f(Mys) and f(mss) are obtained from the corresponding images
of m;; and are shown in Fig. 8. f(jmy[) has a peak near 0.3 with a broad width of about 0.42. It means that the tissue elements
imaged by each pixel show certain degrees of linear dichroism and most of them contribute to mq; near 0.3. f(my;) has a peak
near 0.81 with a width of about 0.14. If the sample has negligible depolarization, then my; should be close to 1 as manifested
by Fig. 2b. Apparently the sample gives considerable depolarization as light passes through it. f(my,) has a peak near near
0.79 with a width of about 0.22. The peak position of f(my,) is slightly smaller than the peak position of f(my;). It means that
the sample has very small linear birefringence. f(mss) has a peak near near 0.76 with a width of about 0.44. In both f(my,) and
f(ms3), the scattering shifts more of these m,, and mg; toward the smaller values than larger values from the peaks. The width
of f(ma3) is much wider than the width of f(m,,), this indicates again that the sample gives considerable depolarization as light
passes through it. In the figure for f(m,3), we did not plot those for negative m,3 since f(— mys) is about the same as f(m,3).
Most of my; are near zero such that their average is about zero.
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Fig. 8 The measured imaging f(jmoa[), f(my1), f(my3), f(My2) and f(ma3) of a non-tumor rat liver tissue. Theoretical fitting data are marked as vertical lines.

D. Theoretical Fittings
We had fitted these data using our double scattering model ™ %! with the following parameters:

(1) A model distribution function of dipole orientation is assumed as shown in Figure 9. For mathematical simplicity, the
angle 4, between the molecules’ symmetric z4-axis and the laboratory z-axis is within a specific range (0, 6y,). The maximum
molecular orientation distribution angle for fitting is chosen as 6, = 168°.

(2) The model molecule is a uniaxially symmetric ellipsoid with material complex dielectric constant & = (2.06, 0.01).
This & was chosen to give the average index of refraction (n) ~ 1.4 and the average absorption extinction coefficient (x;) =
0.003 that are the typical measured values for tissues 2224 The average is performed over the distribution of dipole

orientation of Fig. 9.
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Figure 9 Molecular orientation distribution model and the propagating directions and polarizations of incident and transmitted p-waves.

(3) b/a=6.band a are the ellipsoid principal radii along the symmetric and the transverse axes respectively ™ 2. b/a =
6 might be a reasonable average value for the long molecules in most tissues.

(4) d/1=6. disthe sample thickness (= 3.0 um), and A is the photon wavelength (= 0.5 um).

(5) The double scattering strength parameter 7, = 0.4. As defined in Ref. 12, 7, = ra/ry, 1y = 4Ar%a%1342, r, is the inter-
scattering distance parameter and is a decreasing function of the molecular density. Therefore, 7, is an increasing function of
the molecular density of the medium. 7, = 0 for single scattering only, and 7, > 0 for non-vanishing double scattering.

(6) The scattering extinction coefficient parameter rs = (n%a’)/(34°b) = 0.001. The anisotropic scattering extinction
coefficient is defined as g = rksasj/(raz). oy is the total molecular scattering cross section. The parameters chosen above are
summarized in Table I.

TABLE I. CHOSEN PARAMETERS FOR SIMULATION

b/a 6 & (2.06,0.01)
diA 6 «ny, (x) (1.4,0.003)

A (pm) 05 (4n, Ax) (1.6x10°%, 2.2x10™)
T 0.4 (& (1.96, 0.008)
ald 0.122 Ag (4.4x10%, 7.1x10°%)
rdA 0.024 (%) 0.717
Mies 0.001 Ax; 0.009
G 168°

The Mueller matrix of the sample [eq. (3a)] was then calculated. The calculated Mueller matrix elements |mqy| = 0.306, my;
= 0.817, my, = 0.768, m,3 = 0.039, and m33 = 0.610 are marked as vertical lines shown in Fig. 8. They match with the most
probable values satisfactorily. With these fitting parameters, we could obtain the quantitative information of the following four
independent optical properties: (1) linear-dichroic polarization: |mg| = 0.3055 > 0, y = 33.13° = 45°% (2) cross-polarized
depolarization @, = 0.091; (3) depolarization ® = 0.2414 > 0 and (4) phase retardation A = 3.25°. These best fit parameters and
the derived optical depolarization properties of this sample are listed in Table Il. These data have shown that this sample
exhibits considerable linear dichroism, negligible linear birefringence and large depolarization cause by severe scattering.

TABLE Il. BEST FIT MUELLER MATRIX ELEMENTS AND POLARIZATION PROPERTIES

Moy —-0.306 D 0.241
miy 0.817 Dy 0.091
My, 0.768 Dy 0.150
Ma3 0.039 74 33.13°
Ma3 0.610 A 3.25°

E. Tumor and Non-Tumor Tissues Discrimination

To explore the medical clinic applicability, a rat liver biopsy including tumor and non-tumor parts was used to examine
their different optical properties and structures. The thickness of each section is about 3 um.

The distributions f(Jmg,|) and f(my;) are obtained from the corresponding measured images of |mqy| and my; and are shown in
Figure 10a and 10b. Figure 10a shows that the tumor sample has larger linear dichroism than the non-tumor sample. Since
photon scattering reduces the values of my;, Fig. 10b indicates that the tumor sample has smaller photon scattering. These
results are consistent with the PSOCT experiment result ™. The results show that the Mueller Stokes imaging technology is
feasible for tissue characterization of medical clinical application.
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Fig. 10a Measured distribution f(Jmoy|) for rat liver tissue samples with non-tumor (NT) and tumor (T).
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Fig. 10b Measured distribution f(my;) for rat liver tissue samples with non-tumor (NT) and tumor (T).

IV. DISCUSSION AND CONCLUSIONS

Using the developed Mueller Stokes imaging technology, the degrees of linear-dichroic polarization and depolarization of a
tissue sample can be characterized quantitatively. Particular portions of the sample can also be characterized and compared
from the measured imaging data. Using refection optics, this Mueller Stokes imaging technology can be equally used for a
thick or non-transmissive sample ™!,

In Eq. (4a), @, is the cross-polarized depolarization for scattering by a bio-medium ®%. @, = 0 [or my; = 1] for non-
scattering samples. The measured m;; data in Figures 5 and 8 have clearly provided the quantitative information of photon-
scattering in bio-media and others. To our knowledge, the f(m;) curve in Figure 8 is the first experimental data (with
theoretical justification) showing that the photon transport in bio-medium is not perfectly diffusive. Our theory and
experiment %24 have provided a foundation for investigating the non-diffusive photon-transport in bio-medium %1,

Polarization-sensitive optical coherence tomography (PSOCT) image has been applied to the discrimination application of
bio-tissues . It is similar to our A-image. It discriminates only one physical quantity: the phase difference between the s-
and p-polarization. A highly coherent laser source is usually required. In this paper, we have demonstrated that the Mueller
Stokes imaging technology could provide the tissue signatures of more independent physical quantities. The measured Mueller
matrix elements (Mo, My1, My, Myzand mss), or the 4 independent optical signatures: mg;, my;, @ and A of a bio-tissue can be
useful as clinical diagnostic tool for medical application. Any light source, either coherent or incoherent, can be used for the
measurement. A laser light source is not the only choice.
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Figure 11 The calculated imaging f(Jmo[), f(m11) and f(m.3) with Lorentzian broadenings parameters Am;; = 0.2, 0.08 and 0.64 respectively.

The transmission Mueller matrix form in Egs. (2) and (3) is based upon the assumption that the sample surface is also the
principal plane. The normal direction (z-axis) is assumed to be a principal axis of the sample. Then the Mueller matrix has the
simple form as Eq. (3a) . It is an approximation for mathematical simplicity. Therefore, there exist numerical errors in
deriving the five m;’s [eqgs (6a) - (7b)]. These errors could be a possible source of the large broadening of m;; spectra in Figure
8. By assuming Lorentzian line-broadening parameter Am; = 0.2, 0.08, 0.64 for mq;, my3, My, respectively, the probability
distribution functions f(Jmg|), f(my1) and f(m,3) for the non-tumor (NT) rat liver tissue are calculated and shown in Fig. 11.
They are quite close to the measured data shown in Figure 8. By correlating experiments with the theory, the physical
properties of linear dichroism, scattering, depolarization and phase retardation can be determined quantitatively. This
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technology is applicable for characterizing the optical properties of the bio-medical samples, both quantitatively and
qualitatively.

Tissues have long been treated as optically diffusive media in bio-medical applications. The scattering contribution was
usually treated as diffusion theoretically **~%. The diffusion equation of isotropic photon-density wave (PDW) was widely
applied to interpret the data of reflectance spectroscopy *! and biomedical imaging experiments %, However, our measured
m,; data shown in Figure 8 has clearly demonstrated that the optical property is not perfectly diffusive (my; = 0). Therefore, the
polarization/depolarization of non-diffusive anisotropic photon scattering in bio-medical tissue is an interesting topic
academically. A complete theory is needed for investigating this issue quantitatively.

The scattering coefficient z of 10% Liposyn Il Intravenous emulsion solution were investigated for 400 — 1100 nm based
upon the existing diffusion theory ¥, The correlation of 1 and our measured my; in Fig. 3 is interesting for further
investigation.

The major conclusions are listed as follows: (1) The Mueller Stokes imaging technology for a bio-tissue sample is reported.
(2) Our experimental data and theoretic fitting results have quantitatively shown that the tissue sample is anisotropic and
optically non-diffusive highly scattering medium. (3) The result of 4-signature optical discriminator technology is reported. (4)
This multi-signatures technology is an effective and economical clinic diagnostic tool for medical application.
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