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Use of polar decomposition for the diagnosis of oral

precancer

Jungrae Chung, Woonggyu Jung, Marie J. Hammer-Wilson, Petra Wilder-Smith,

and Zhongping Chen

The Mueller matrix describes all the polarizing properties of a sample and, therefore, the optical differ-
ences between noncancerous and precancerous tissue that may be present within the matrix elements.
A high-speed polarimetry system that generates 16 (4 X 4) full Mueller matrices to characterize tissues
is presented. Feature extraction is done on the Mueller matrix elements resulting in depolarization and
retardance images by polar decomposition. These are used to detect and classify early oral cancers and
precancerous changes in epithelium such as dysplasia. These images are compared with orthogonal
polarization images and analyzed in an attempt to identity useful factors for the differentiation between
cancerous lesions and their benign counterparts. Our results indicate that polarimetry has potential as
a method for the in vivo early detection and diagnosis of oral premalignancy. © 2007 Optical Society of

America
OCIS codes:

1. Introduction

An estimated 1,444,920 new cases of cancer will be
diagnosed in the United States in the year 2007, and
an estimated 559,650 Americans will die from cancer.!
Cancer (190.1 per 100,000) was the second leading
cause of death in the United States in the year 2003,
exceeded only by heart disease (231.6 per 100,000).1
More than 85% of cancers originate in the epithelium,
and epithelial cancers are preceded by a curable pre-
cancerous stage. As such, early detection is para-
mount for the successful treatment of this disease.
If detected at precancerous stage, 95% of the cases
have a complete recovery.2 However, many forms of
precancerous changes are difficult to detect using
conventional techniques, which require histological
examination of biopsies obtained from visible lesions
or random surveillance biopsies.

Biological tissues are optically inhomogeneous,
birefringent, and absorbing media.? Precancerous
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230.0230, 170.3890, 230.5440, 290.7050.

lesions are characterized by increased nuclear size
and nuclear and/or cytoplasmic ratio. The scattering
from the epithelial layer of tissue can provide infor-
mation on nuclear morphology.4 The rate of depolar-
ization of incident polarized light depends on the
morphological and optical features such as the den-
sity, size, shape, and refractive index in the tissue.5
Cancerous tissues depolarize light less than their
surrounding tissues do, whereas noncancerous tis-
sues have the same depolarizing properties as the
surrounding tissue.®

This effect is caused by changes in the subsurface
structures of cancerous tissues that prevent light
from penetrating the tissue as deeply as it would in
normal tissue. These facts support an optical ap-
proach to noninvasive cancer detection.

In the field of optical imaging, there are a number of
subsurface imaging techniques such as optical coher-
ence tomography,? linear and nonlinear emission and
harmonic generation imaging,8° and confocal micros-
copy.1° These techniques provide high resolution im-
ages of subsurface structures with the drawback that
the imaging depth is small (i.e., 1 to 2 mm or less). To
provide larger imaging depths, other techniques need
to be explored. The imaging depth into the tissue
depends on the scattering and absorption character-
istic of the tissue. Demos and Alfano!! showed that
the spectral polarization differences imaging tech-
niques (SPDI) was an imaging tool that can provide
subsurface imaging at larger depth, and deep surface



imaging in tissue (1.5 cm beneath the surface) was
demonstrated by using both spectral and polarization
discrimination of the backscattered photons.12

In 1976, Bickel et al.13 advanced polarimetry into
the field of biomedical sensing when they described
a technique that measured the polarization effects of
the scattered light from bacterial suspensions to yield
useful information to characterize the sample. In the
ensuing decades, several groups have shown that a
considerable amount of information, such as the aver-
age particle size,'4 photon path length,'5> and particle
shape'6-18 can be obtained from polarization sensitive
measurements of the sample under investigation.!® In
addition, others have shown that polarization-based
imaging measurements can provide enhanced visual-
ization of superficial structures2°—22 to allow for sub-
surface imaging.23 The aforementioned applications
of polarimetry for biomedical imaging involve the
use of Mueller—Stokes calculus to mathematically de-
pict how a biological sample affects the polarization
vector of an incident light beam, determined by either
backscattered14:1524:25 or transmitted26-28 light inten-
sities from the sample. The experimental Mueller ma-
trix of a sample contains information on retardance,
diattenuation, and depolarization, which is not readily
apparent in the original images. These sample dis-
criminating parameters can be extracted using polar
decomposition. The decomposition of Mueller matrices
into a combination of product matrices has been ad-
dressed by many authors.2°-32 Lu and ChipmanZ2® were
able to decompose the Mueller matrix into three fac-
tors, namely, diattenuation, retardance, and depolar-
ization. Several groups have developed a Mueller
matrix imaging polarimeter capable of collecting the
full Mueller matrix of tissue in vivo.333 They have
shown that by matrix decomposition the retardance
and depolarization parameters show potential for dis-
tinguishing between varieties of dermatological condi-
tions including malignant moles. A system similar to
that presented here has been previously reported in a
publication in 2002.3¢ However, that system did not
have enough resolution to allow analysis of celluar and
nuclear morphologic features of tissue sections. To the
best of our knowledge, no research has been performed
to correlate the observed changes in the Mueller ma-
trix to the changes in the tissue structure that occur
as the tissue becomes precancerous. The main innova-
tions in this current system are the histologic-quality
images of cell morphology obtained by using objective
lens and the better acquisition time to obtain the Muel-
ler matrices. This system is capable of collecting the
Mueller matrix, and the time taken to do so would be
much less than 15 s. The basis for the optical detection
of a precancerous stage, such as dysplasia, is the ex-
ploitation of pathology related changes in the optical
properties of the tissue.35 We hypothesize that it is
through the observation of these morphologic and bio-
chemical changes that precancerous tissue can be dis-
tinguished from noncancerous tissue. These images
are compared with the orthogonal polarization image
and analyzed in an attempt to determine specific di-
agnostic criteria for the identification of cancerous le-

sions from their benign counterparts. Our results
indicate that polarimetry has potential as a method for
the in vivo early detection and diagnosis of oral pre-
malignancy.

2. Theory

A. Stokes Vector and Mueller Matrix

In 1943, Hans Mueller developed a matrix that re-
lates the Stokes vector of the light impinging on a
sample to the Stokes vector leaving sample models.36
Using the method with the input and output polar-
ization states (Stokes vectors) known, the 4 X 4 Muel-
ler matrix can be used to describe the polarization
properties of a sample. This relationship is shown
below in Eq. (1), where M, is the Mueller matrix
of a sample and S,,, and S;, are the output and input
Stokes vectors respectively:

SO MOO MOI MOZ M03 SO

Sl . MIO Mll MlZ M13 Sl

So| "My My My My |, D
Ss out My, My, M Mg sample Ss in

Sout =

The Stokes parameters S consist of four values.
The first parameter, S,, is simply the overall inten-
sity of the light. The second parameter, S;, is the
tendency of the light to exhibit either a horizontal
(S; > 0) or a vertical (S; < 0) polarization state.
Similary, the third parameter, S,, is the tendency of
the light to exhibit either a +45° (S, > 0) or a —45°
(S, < 0) polarization state. Finally, the fourth param-
eter, S;, is the tendency of the light to exhibit either
a right (S; > 0) or a left (S; < 0) polarization state.
The value for a specific Stokes parameter will be zero
if neither of the states for a given parameter is ob-
served.

For simplicity, a Mueller matrix is normalized by
dividing all the M;; elements by the M, element. The
resulting normalized matrix has an M, element that
is identically +1 and the remaining elements range
from —1 to +1. For a given sample, a Mueller matrix
M can be accomplished with 16 polarization images,
as depicted in Table 1.

We calculate orthogonal polarization images (I,p)
by using3

I, —1
L= u, (2)
O Loar + Lo,

where I,,, is the image at light with the polarizer
oriented to accept light parallel to the incident light,
and I, is the image at light with the polarizer ori-
ented to accept light perpendicular to the incident

light.

B. Decomposition for Depolarizing Mueller Matrices

A practical method of categorizing Mueller matrices
M is by describing the type of polarization element
that is represented. The three polarization properties
are retardance, diattenuation, and depolarization.
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Table 1. Calculation of the 16 Full Mueller Matrix*®

My =HH+HV+VH+VV My, =HH+HV-VH-VV M, = 2PH + 2PV — M,, My = 2RH + 2RV — My,
M10 HH - HV + VH — VV M11 HH - HV - VH+VV M, = 2PH — 2PV — M,, M, = 2RH - 2RV — M,
M,y = 2HP + 2VP — My, M,, = 2HP — 2VP — M,, My, = 4PP — 2PH — 2PV — M,, M,, = 4RP — 2RH — 2RV — M,,
M30 = 2HR + 2VR — M, My, = 2HR — 2VR — M,, My, = 4PR — 2PH — 2PV — My, My, = 4RR — 2RH — 2RV — My,

“The notation is as follows: the first term represents the input polarization state, and the second term represents the output polarization

state. The states are defined as: H for horizontal, V for vertical, P for +45°, and R for right circular.

There are 16° of freedom in the Mueller matrix: one
in intensity (transmittance, reflectance, scattering),
three in retardance, three in diattenuation, and nine
in depolarization. An object’s Mueller matrix may
contain any combination of these properties, which
are extracted by using a polar decomposition process.
This polar decomposition, explained in detail by Lu
and Chipman,3? separates the Mueller matrix into
three 4 X 4 matrices: the depolarization matrix M,,
the retarding matrix My, and the diattenuation ma-
trix M. A brief description of the theory is presented
here. Let M be a depolarizing Mueller matrix. M can
be decomposed as

M=M,XMpXMp. 3)
Diattenuation D can be acquired directly through the

algebraic calculation of the elements in the Muller
matrix shown by

[ 2 2 2
o1 T Mgg” + M3

4)

Moo

The Mueller matrix for a diattenuator with a diat-
tenuator vector D is

1 DT
Mp=T, D mp 6))
mp=11-D+(1—\1-D*DD", (6)

in which I is the 3 X 3 identity matrix, m is the

3 X 3 submatrix of M, D is the diattenuation vec-
tor, T, is a transmittance for unpolarized light, and

D( D/D) denotes the unit vector along D:

. 1 Mo,
Tu = moo, D = mioo m02 . (7)
Mg

Define a three-by-three submatrix m of M by striking
out the first row and the first column of M:

1 myy Myy Myg

m=_— Mgy Mgy Mg |, (8)
00
Mgy Mgy Mg

then M can be written as
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1 pr
M:mOOP m ) (9)

in which D and P are the diattenuation and polari-
zance vectors of M. Define a Mueller matrix M’ based
upon M as

M =MM, . (10)

Note that M’ has no diattenuation. However, M’ is
not a pure retarder as in the case of a nondepolarizing
element because M' contains both retardance and
depolarization. M’ is then further decomposed as a
depolarizer followed by a retarder, i.e.,

1 oT1[1 of 1 o7
M, = MAMR = — = _
P, my||0 mg P, mymg

b o]
=l. | (11)
p, m

Equations (9) and (10) lead to

P _P=mD (12)
S 1-p¥’
m' =mmg. (13)

The four-by-four matrix decomposition reduces to a
three-by-three matrix decomposition given Eq. (12).
Actually this is equivalent to the polar decomposition
of a three-by-three real matrix. Equation (12) leads to

my*=m'(m')". (14)

Let Ay, Ay, and \; be eigenvalues of m'(m')". From Eq.
(14) it follows that m, has \)\1, N2, and |\; as eigen-
values, assuming that m’ is nonsmgular Applying
the Cayley—Hamilton theorem and Eq. (14), m, can
be obtained by

my= ={m'(m")T+ (N + Aohg + NI}
XA+ g+ Ng)m' (m)T + (N AoNsI}. (15)

If the determinant of m' is negative then the minus
sign is applied. Otherwise the plus sign is applied.
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Fig. 1. (Color online) Mueller matrix polarimetry system.

Then the submatrix my of retardance matrix My
can be obtained by

mp=m, ‘'m'. (16)

Its depolarization power denoted by A is given by

|trace(m,)|
-

A=1 0=A=1. am

Last, the retardance matrix My can be known and the
retardance can be acquired by

(18)

R= cosl[ 5

3. Materials and Methods

trace(Mp) B 1]

A. Experimental Setup

The system shown in Fig. 1 consists of four voltage-
controlled optical elements (Meadowlark Optics, Fred-
erick, Colo.). The system light source is a fiber optic
illuminator (Dolan-Jenner Industries, Inc., Law-
rence, Mass.) with a 30 W, 20 V halogen bulb. The
light is passed through a laser line interference
filter with wavelength transmittance from 400 to
700 nm. The light emerging from the filter is colli-
mated with a 38.1 mm focal length convex lens (New-
port Corporation, Fountain Valley, Calif.) to provide
a broad beam to illuminate the sample. The resulting
light is then passed through a Glans Thompson
100,000:1 polarizer (Newport Corporation, Fountain
Valley, Calif.), a linear polarizer set at horizontal,
and two voltage-controlled variable retarders. These
optical components allow for modulation of the input
state of polarization. The variable retarders produce
all the necessary states of linearly and circularly
polarized light. The operational basis underlying
voltage-controlled optics is that voltage supplied in

1 70 180

09 P 160
0.8 4 h
S 140
7
i 120
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05 120
il 30
0.4 I:\ Ve ~ n
03 |' ‘I Sl o
02 L 40
0.1 izt 20
0 17[\ L —_ 0
50 100 150
©

(d)

©

Fig. 2. (Color online) (a) In situ Microscopic image of hamster cheek pouch tissue with precancer. Dysplasia and normal region are marked
by the dotted circles and the lined circles, respectively, (b) 2D depolarization image, (¢c) 2D retardance image. Scare bars, 1 mm. (d)
Histology in the healthy tissue and (e) histology in the dysplastic region. Scale bars, 0.5 mm.
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the form of a 2 kHz square wave modulates the de-
gree of rotation of the polarization axis and the
amount of retardation by the voltage controlled re-
tarder. After scattering by the sample, light scattered
in the direction of the camera passes through another
series of polarizing optics. The backscattered light
from the tissue is imaged by the objective lens (10X/
0.30 N.A.). The theoretical resolution of this objective
[N/(2*N.A.)]is approximately 0.7-1.2 pm. Before, the
resolution was approximately 15-20 pm. The cali-
brated resolution is approximately 1.5-2.0 pm. The
output branch contains another polarizer set at ver-
tical, consisting of two voltage-controlled variable
retarders encountered by the light in reverse order
from the input branch. The resulting images are
captured with a computer controlled 1024 X 1024
pixels, 14 pm X 14 pm per pixel, and 12 bit CCD
camera (Kodak, San Diego, Calif.).

B. Animal Model Preparation

1. Tumor Induction
A total of nine cheek pouches in female golden Syr-
ian hamsters (Mesocricetus auratus) were used for

Orthogonal polarization image

(@) (b)

Fig. 3.
of healthy tissues. The scale bars are 0.5 mm.
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Depolarization image

in vivo imaging.3® Application of 0.5% DMBA (9, 10
dimethyl-1, 2-benzanthracene) in mineral oil three
times per week produced mild to severe dysplasia
after 3—6 weeks that progressed to squamous cell
carcinoma at approximately 10 weeks. The right
cheek pouch of each hamster was treated with DMBA
carcinogen in mineral oil; the other cheek pouch was
treated only with mineral oil. Previous studies have
shown that the carcinogenesis process in one cheek
pouch does not affect the other cheek. Therefore the
treated cheek pouch does not affect the other cheek.39:40
The histological features in this model have been
shown to correspond closely with those of premalig-
nancy and malignancy in human oral mucosa.38

2. Imaging

Five hamsters were anesthetized using intraper-
itoneal 2:1 Ketamine HCL (100 mg/ml): Xylazine
(20 mg/ml) at a dose of 0.75 cc/kg. These animals
were then wrapped in mylar with a cotton oversleeve
to prevent hypothermia. The cheek pouches were
everted, held in place with a tension clamp, kept
moist by irrigation with normal saline, and imaged

Retardance image
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(a) Orthogonal polarization images, (b) depolarization images, and (c) retardance images for the M; element of the Mueller matrix



in vivo in near real time. In some animals, imaging at
the same location was performed twice to provide an
indication of image fidelity. Immediately after imag-
ing, the hamsters were euthanized and the speci-
mens excised for histologic preparation.

Four specimens for in situ dysplasia and tumor
imaging were obtained from four hamsters. The ham-
sters were euthanized and each cheek pouch was
carefully dissected out and pinned onto a corkboard
using 0.20 mm inset pins. The tissues were imaged
immediately after positioning. The samples were then
fixed and sent for histological processing.

The animals used in this study were housed and
treated in accordance with animal research commit-
tee guidelines at the University of California, Irvine
(approval number 1997-1972).

C. Histology

After imaging the tissue was formalin fixed, photo-
graphed through a steromicroscope for gross visual
documentation, and then processed for paraffin em-
bedding. Several 6 pm paraffin sections were cut and

Orthogonal polarization image

Depolarization image

Hematoxylin and eosin (H&E) stained. The polariza-
tion images for each tissue sample were compared
with the corresponding steromicrographs for orienta-
tion and identification of the imaged area. The histo-
logic sections taken from the imaged areas were
examined using standard light microscopy to deter-
mine the degree of pathology present.

4. Results

Hamster oral mucosa was imaged at all stages of
carcinogenesis in the hamster cheek pouch model.
Panel (a) in Fig. 2 presents an in situ microscopic
image of hamster cheek pouch tissue with precancer.
The dysplastic and normal regions are marked by red
and blue dotted circles, respectively. The 2D polar-
ization and 2D retardance images for both normal
and cancerous regions are shown in Figs. 2(b) and
2(c), respectively. Figures 2(d) and 2(e) show the his-
tology of normal and dysplastic regions, respectively.
As theses figures show, depolarization and retar-
dance images can be used to quantitatively identify
the dysplastic region of tissue. These advances in

Retardance image

(@) (b)
Fig. 4.
Mueller matrix of precancerous tissues. The scale bars are 0.5 mm.

©

(Color online) (a) Orthogonal polarization images, (b) depolarization images, and (c¢) retardance images for the M35 element of the
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depolarization and retardance imaging promise ulti-
mately to permit earlier and more sensitive diagnosis
and to improve the monitoring of disease progression,
the identification of region margins, and the assess-
ment of cancer response to therapy.

Figures 3 and 4 depict the orthogonal polarization,
depolarization, and retardance images in vivo for
normal and precancerous tissues, respectively. These
images were from three different hamster cheek
pouches and the imaged fields were 2.25 mm X
2.25 mm. Based on the polarization images, the
Mueller matrix images were reconstructed, decom-
posed, and compared with orthogonal polarization
images. Figures 3(a) and 4(a) are the orthogonal, po-
larization images (Iyp) for healthy and precancerous
tissues, respectively, and no noticeable differences
between them are apparent.

Depolarization describes the process of how polar-
ized light can be converted into light with a lower
degree of polarization. Depolarization can be the re-
sult of a disordered medium or scattering from the
surface. One quantity that describes the depolarizing
behavior of an element is the depolarization index
(A). The depolarization index of a Mueller matrix can
range from 1 for a perfect depolarizer to 0 for com-
pletely polarized light. Based on the data presented
in Figs. 3(b) and 4(b), depolarization properties may
be useful for differentiating between healthy and pre-
cancerous tissues, as precancerous tissue depolarizes
light less than healthy tissue.

The greatest variation in retardance values was
seen in the M5, element of the Mueller matrix, which
describes the circular retardance characteristic of a
sample. Only the M;; element of the Mueller matrix
is presented along with the associated retardance
image for healthy and precancerous tissues in Figs.
3(c) and 4(c). It indicates that retardance values
change within the precancerous lesion, while no
change is visible for the noncancerous tissues. These
individual pixel value changes result in a lower aver-
age retardance value for precancerous tissues. These
depolarization and retardance images are potentially
useful not only for differentiating between samples but
also for boundary identification.

5. Discussion and Conclusion

We have demonstrated the use of polarization for
early detection and diagnosis of oral precancer. The
fact that our system can be used for tissue character-
ization suggests its potential application as a nonin-
vasive modality for the detection and monitoring of
precancer and suspicious oral tissue lesions. A Muel-
ler matrix is extremely powerful because it com-
pletely describes the polarization altering properties
of a sample; however, a raw Mueller matrix is diffi-
cult to interpret and provides little physical insight.
As such, polar decomposition of the Mueller matrix
was performed to yield the more familiar quantities
of retardance (birefringence), diattenuation (dichro-
ism), and depolarization. It was shown that there
is some measurable depolarization to differentiate
between noncancerous and precancerous lesions.

3044 APPLIED OPTICS / Vol. 46, No. 15 / 20 May 2007

Therefore precancerous lesions depolarize light less
than healthy tissue, and noncancerous lesions depo-
larize the light the same as the surrounding tissue.
Finally, it indicates that the retardance value
changes within the precancerous lesion, while no
change is visible for the healthy lesion. These indi-
vidual pixel value changes result in a lower average
retardance value for the cancerous sample. These
depolarization and retardance images are potentially
useful not only for differentiating between samples
but also for boundary identification.
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