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Abstract. We demonstrate that changes in the degree of polarization
�DOP� depend on changes in the scattering coefficient, and they can
be quantified by using a polarization-sensitive optical coherence to-
mography �PS-OCT� system. We test our hypothesis using liquid and
solid phantoms made from Intralipid suspensions and gelatin, respec-
tively. We also quantify the DOP changes with depth caused by
changes in the concentration of scatterers in the liquid and solid
phantoms. It is clearly shown that the DOP change has a linear rela-
tionship with the scattering change. In our previous study, we showed
that the axial slope of the DOP is different between normal and patho-
logic cervical tissues. Our results demonstrate that the quantification
of the axial DOP slope can be used for the systematic diagnosis of
certain tissue pathology. © 2008 Society of Photo-Optical Instrumentation Engineers.
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Introduction

he noninvasive and accurate measurement of linear optical
roperties such as absorption and scattering coefficients in
iological tissues is essential for medical diagnosis.1–7 It is
lso well known that for biological tissues under certain
athologic conditions such as dysplasia or carcinoma, scatter-
ng changes can occur due to variations in the refractive index

ismatch between the intracellular fluid �or cellular compo-
ents� and extracellular fluid.1,2 Additionally, the sizes of cel-
ular nuclei may be increased and the structural protein den-
ity may be decreased, which can contribute to the tissue
cattering changes.3 Therefore, the measurement of the
hange in the scattering coefficient may facilitate the discrimi-
ation between normal and abnormal tissues.2,3

Elastic-scattering spectroscopy, diffuse optical tomogra-
hy, confocal microscopy, and optical coherence tomography
OCT� have been studied as optical diagnosis tools that mea-
ure the scattering change or scattering coefficient.1–7 Elastic-
cattering spectroscopy and diffuse optical tomography have
een used to diagnose prostate cancer, breast cancer, and mor-
hological changes in epithelial tissues such as those in the
kin, gastrointestinal tract, and cervix.4–6 These techniques,
hich are sensitive to both scattering and absorption proper-

ies, can discriminate morphological changes in tissues and
etect backscattered light from deep within biological tissues.
n confocal microscopy, the exponential attenuation of the
ight intensity along the axial direction can be described by
he Beer-Lambert law, I= I0 exp�−�tz�, where z denotes the
xial path and �t denotes the total attenuation coefficient,

ddress all correspondence to Beop-Min Kim, Department of Biomedical Engi-
eering, 234, Maeji, Heungup, Wonju, Gangwon-Do, South Korea; Tel: +82-33-
60-2490; Fax: +82-33-766-2464; E-mail: <mailto:beopmkim@yonsei.ac.kr>
eopmkim@yonsei.ac.kr.
ournal of Biomedical Optics 054032-
which is the sum of the absorption coefficient ��a� and the
scattering coefficient ��s�. Since for many tissues ��a��s in
the near-infrared spectral range�, scattering changes can be
detected by obtaining the exponential slope of the light at-
tenuation with depth.3 Confocal microscopy has been used for
estimating the scattering coefficient from regions of a normal
and precancerous cervical epithelium.3 The results suggest
that a large scattering due to high-density cell nuclei in high-
grade dysplasia can be observed in the entire epithelium under
pathologic conditions.

Recently, several research groups have proposed and stud-
ied OCT as a measurement tool for scattering changes.1–3,7

OCT is an imaging technique that provides a high-resolution
cross sectional image of biological tissues. Using OCT, the
scattering changes can be detected by means of obtaining the
exponential slope of the light attenuation with depth, in a
manner similar to confocal microscopy.1–3,7 The OCT system
has also been studied for noninvasive glucose monitoring. An
increase in the glucose concentration in a turbid medium or
biological tissue reduces the refractive index mismatch and
thus reduces the scattering coefficient.2 A similar methodol-
ogy has been employed for the diagnosis of cervical cancer by
measuring the slope of the intensity signal decay with depth.7

The results show that the slope of the intensity decay in nor-
mal tissue is lower than that in abnormal tissue. However, this
method has a limitation, in that the decay slope can be sig-
nificantly affected by the location of the focal point. A nonflat
tissue surface and motion artifacts can lead to the misinterpre-
tation of the intensity decay slope.2

It is well known that the scattering also affects the polar-
ization state during the propagation of polarized light in turbid
media. Polarized light incident to a highly scattering medium

1083-3668/2008/13�5�/054032/6/$25.00 © 2008 SPIE
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s multiply scattered and depolarized.8–11 The depolarization
an be attributed to the size and shape of the scatterer, the
nitial polarization state �circular or linear� of the light inci-
ent to the medium, and the optical properties of the medium.
hen the incident light is linearly polarized, the degree of

olarization �DOP� from the backscattered light decays
xponentially.8 Further, if circularly polarized light is incident
n a scattering medium, the depolarization effect is
ifferent.9–11 When the incident light is circularly polarized in
orward-scattering media �a large anisotropy factor, i.e., large-
ized particles�, the single-scattered light returned is circularly
olarized and has the opposite helicity. Therefore, the DOP
ecays to near zero initially �or at shorter path lengths�; it then
ncreases again and tends to decay down to zero
depolarization�.9,10 However, if the incident light is circularly
olarized in scattering media comprising small-sized par-
icles, the DOP is not affected by the helicity.9,11 Previous
tudies have simulated and measured these phenomena ac-
ording to changes in the particle size or concentration, even
f the depolarization has not been quantified.8–11

In this work, we demonstrate a polarization-sensitive OCT
PS-OCT� system that can provide not only cross-sectional
mages, but also information regarding the polarization state
f the light reflected back from the turbid media to measure
nd quantify the depolarization caused by scattering in In-
ralipid suspensions. The depolarization can be quantified by
stimating the DOP changes with depth.

Materials and Methods
e assume two hypotheses in this study: 1. since the DOP

hange with depth can be normalized by the reflected light
ntensity, the location of the focal point does not affect our
eadings; and 2. the DOP change with depth is affected by the
cattering properties. To verify these hypotheses, we con-
tructed a typical PS-OCT system, as shown in Fig. 1.12,13 A
uperluminescence diode �SLD� with a center wavelength of
300 nm and a bandwidth of 40 nm was used as the light
ource. Light in the reference arm passes through a quarter-
ave plate �QWP� oriented at 22.5 deg with respect to the

ig. 1 Schematic diagram of the PS-OCT system with a rapid scanning
ptical delay line �RSOD�. LP: linear polarizer. BS: beamsplitter.
WP: quarter-wave plate. PBS: polarization beamsplitter.
ournal of Biomedical Optics 054032-
horizontal axis, so that the reflected light has a 45 deg linear
polarization state after the roundtrip. A QWP in the sample
arm, oriented at 45 deg with respect to the horizontal axis,
provided circularly polarized light to the sample. The detected
signal was digitized by an analog-to-digital converter and fil-
tered using a digital bandpass filter. We obtained the ampli-
tudes and phases by using the Hilbert transformation. To de-
termine the polarization state of the light in the medium, the
Stokes parameters were computed as follows12,13:

S0 = AH
2 + AV

2 ,

S1 = AH
2 − AV

2 ,

S2 = 2AHAV cos���� ,

S3 = 2AHAV sin����, �� = �H − �V, �1�

where AH and AV denote the amplitudes, and �H and �V de-
note the phases in the horizontal and vertical channels, respec-
tively. Because the light reflected from the sample had to pass
through the QWP �oriented at 45 deg� in the sample arm for a
second time, the Stokes parameters S1 and S3 would be
exchanged.13 Additionally, the DOP was calculated as13

DOP = �S1
2 + S2

2 + S3
2�1/2/S0.

For axial scanning, we used a rapid-scanning optical delay
line �RSOD� method with a scan rate of 200 Hz correspond-
ing to a Doppler �carrier� frequency of 65 kHz and 5000 sam-
pling points per single A-line.14,15 The axial depth scan range
was approximately 2 mm.

In this study, we used the DOP profile with depth to quan-
tify the scattering properties for both liquid and solid phan-
toms that contain 2.5, 5, and 10% Intralipid suspensions as
scatterers. Each sample was scanned over a surface in a man-
ner similar to conventional 2-D OCT imaging, and the signals
were averaged over 1000 A-lines.

In our previous study, to demonstrate that our method is
applicable to clinical diagnosis, we quantified the scattering
changes of normal and malignant cervical tissues.16 A part of
these results is duplicated in this work.

3 Results
3.1 Optical Phantoms
The circularly polarized light is incident on the top surface of
the sample, which is contained in a cuvette, as shown in Fig.
2�a�. The DOP of each A-line is always unity �DOP=1�, be-
cause conventional PS-OCT systems are amplitude-based de-
tection systems employing heterodyne receivers that detect
the electric field of only the coherent part of the backscattered
light.17 However, if the DOP is calculated after averaging the
Stokes parameters for all the A-lines �spatially�, the DOP de-
creases because the scattering effect is similar to random pro-
cessing. Figure 2�b� shows the DOP signal as a function of the
depth in a 10% Intralipid suspension measured using the PS-
OCT system. Because the mean particle size in the Intralipid
suspension �approximately 200 to 300 nm, g�0.35 at
1300 nm�18 used in this study is smaller than the wavelength
September/October 2008 � Vol. 13�5�2
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f our light source �1300 nm�, it is isotropic scattering that is
argely responsible for the depolarization of the light. There-
ore, although the scattering coefficient of the Intralipid sus-
ension is large, the DOP signal does not significantly exhibit
he effect of helicity �see square box in Fig. 2�b��. If the effect
f helicity is significant, the DOP decays to near zero initially
or for shorter path lengths�, then increases again and decays
own to zero due to depolarization, as reported in other
tudies.9,10

The DOP change is induced by several effects, including
epolarization by scattering, phase retardation by birefrin-
ence, and noise fluctuation artifacts. In our experiments, we
xcluded the effects of birefringence, because the Intralipid
uspensions are isotropic scattering media. To demonstrate
hat the DOP is strongly affected by not only the noise but
lso the scattering changes, we compared the back-reflected
ntensity signal with the DOP signal in 2.5 and 10% Intralipid
uspensions, and a mirror with a variable neutral density �ND�
lter. In Fig. 3, the DOP profile is drawn against the intensity
ignal level signal-to-noise ratio �SNR�. When no scattering
xists, as in the case of the mirror with a variable ND filter
laced in the sample arm �upper graph in Fig. 3�, it is shown
hat the DOP is maintained until the SNR reaches down to
pproximately 30 dB. When the signal level drops below
0 dB, the DOP begins to decrease due to electrical noise.
hen scattering exists �2.5 and 10% Intralipid suspensions�,

ig. 2 �a� Phantom solution contained in a cuvette. The incident light
s circularly polarized and the backscattered light from the sample is
etected by the PS-OCT system. �b� Measured profile of the DOP
ignal in 10% Intralipid suspension.
ournal of Biomedical Optics 054032-
the DOP begins to decrease at a higher SNR level above
30 dB. Further, it is clearly shown that when the scattering
coefficient increases, the DOP began to decrease at even
higher SNR values. These data demonstrate that the depolar-
ization changes are affected not only by the noise but also by
the scattering changes.

We used the DOP profile with depth to quantify the scat-
tering properties for both the Intralipid solution and solid
gelatin phantoms with scatterers. Each sample was scanned
and the signals were averaged over 1000 A-lines. It appeared
that the profile comprised a single-scattering region �shallow�
and a multiple-scattering region �deep�. We fitted the DOP
profile with a sigmoid shape using various mathematical mod-
els, and found that a simple Boltzmann equation was more
useful than typical polynomials. The simple Boltzmann equa-
tion is expressed as follows:

y = A2 + �A1 − A2���1 + exp� x − x0

dx
	
 , �2�

where A1 and A2 denote the initial y value �when x=−�� and
final y value �when x=��, respectively. The approximate
range of dramatically change is dx, and x0 denotes the center
of the range. An example of the data and our fitting results is
shown in Fig. 4. One of the fitted parameters, x0, discrimi-
nates the single-scattering and multiple-scattering regions. We
found that this parameter is sensitive to the scattering
changes.

We used 2.5, 5, and 10% Intralipid suspensions and solid
phantoms made of gelatin for the DOP measurements. Again,
each sample was scanned and averaged over 1000 A-lines, a
procedure that was repeated at five different locations per
sample. The transverse B-scanning was done only for the
solid phantoms, since the random Brownian motion of the
liquid naturally reduces the speckle noise. The DOP signals
were quantified based on the methodology presented earlier.
Figures 5�a� and 5�b� show the results obtained from the liq-
uid phantoms and the solid phantom, respectively. As ex-
pected, as the scattering coefficient increases, the DOP decays

Fig. 3 The back-reflected intensity signal level �SNR� versus the de-
gree of polarization �DOP�. The figure shows that the DOP is strongly
affected by an increase in the scattering in addition to the noise.
September/October 2008 � Vol. 13�5�3
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aster and the location of the x0 parameter moves toward the
urface. Further, it is clearly observed that the DOP changes
inearly �R�0.99� with the scattering changes for both sets of
hantoms. It has been reported that, in liquid phantoms, the
OP decays due to the Brownian movement of the particles
hen PS-OCT is used for DOP measurements.17 However, in
ig. 5�b�, it is clearly observed that the DOP change has linear
elationships �R�0.99� for solid phantoms, as found in the
iquid phantom studies. Our results imply that it is possible to

easure the scattering changes without the effect of Brownian
ovement, and moreover, PS-OCT is effective for this pur-

ig. 4 Fitted results of the DOP signal using a simple Boltzmann
quation. A1: initial DOP value. A2: final DOP value. x0: center depth
f the region where the DOP drastically changes. dx: width.

ig. 5 PS-OCT results for scattering measurements. Linear relation-
hips are evident for both �a� liquid phantom and �b� solid phantom.
ournal of Biomedical Optics 054032-
pose. Although the Intralipid concentration in the solid phan-
toms was the same as that in the liquid phantoms, the fitted
results were differently described because of the refractive
index mismatch between gelatin and water. Also, the differ-
ence in Brownian motion between solid and liquid phantoms
prevents direct comparison of the fitted parameters.

Figures 6�a� and 6�b� show the degree of circular polariza-
tion �DOCP� and the degree of linear polarization �DOLP�
profiles in liquid and solid phantoms, which are calculated as

DOCP = �S3
2/S0 and DOLP = �S1

2 + S2
2/S0,

respectively,13,17 drawn against the DOP. These results dem-
onstrate that the DOCP is similar and linearly proportional to
the DOP when circularly polarized light is incident onto the
scattering medium, assuming no phase retardation due to bi-
refringence.

To verify our first hypothesis, we measured the effects of
the location changes of the focused beam by using 2.5% In-
tralipid suspensions. In the sample arm, the diameter of the
collimated beam was approximately 2 mm. We used an ob-
jective lens �10�, NA=0.25� with a focal length of 18 mm.
Therefore, a depth of view and transversal resolution were
120 and 13 �m, respectively. The back-reflected intensity sig-
nal was also exponentially fitted using the Beer-Lambert law,

Fig. 6 The degree of circular polarization �DOCP� and the degree of
linear polarization �DOLP� profiles drawn against the DOP. The
DOCP changes contributed significantly to the DOP changes when
circularly polarized light was incident onto the scattering medium of
�a� liquid and �b� solid states without phase retardation due to
birefringence.
September/October 2008 � Vol. 13�5�4
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nd the results are compared in Fig. 7. The focal location
aried from the surface to a depth of 280 �m in steps of
0 �m. As shown in Fig. 7, the intensity profile is greatly
ffected by the focal position �67% change�. When the DOP
as used, the change was only 10%, which shows that PS-
CT may be a superior tool for scattering measurements.

.2 Biological Samples
ervical intraepithelial neoplasia �CIN� is a precancerous
ondition of the cervix. It induces morphological changes in
he cervical epithelium, which increases the nuclear/
ytoplasmic �N/C� area ratio.3 Since the nucleus is one of the
ignificant scatterers in the cervix, the increase in the N/C
rea ratio induces an increase in the scattering coefficient3 and
ffects the light depolarization process.

In our previous study, we measured the axial slope of the
OCP decay in the epithelial region for both normal and ab-
ormal �CIN-III, and cervical intraepithelial carcinoma �CIS��
ervical tissues.16 25 cervical areas were examined from five
one-biopsy samples. 16 areas were found to be normal, while
thers were abnormal. Immediately after the cone biopsy,
ach sample was imaged using the PS-OCT system. The
amples were then stained with hematoxylin and eosin �H and
� and read by a physiologist. We excluded the effects of
irefringence, since it is known that there are no collagen
bers in the epithelium of the cervix except at the basement
embrane, which comprises type 4 collagen.3,19 Since there

xists no phase retardation due to collagen inside the cervical
pithelium, the DOCP is almost the same as the DOP, as
hown in Fig. 6, which is why we used the DOCP to simplify
he calculation. The epithelium is not sufficiently thick for the
ull Boltzmann fitting to be applied. Therefore, we simply
erformed a linear fitting for the DOCP data obtained from
epths of 80 to 300 �m. Since the tissue surface was not flat,
he surface location for each A-scan signal was first deter-

ined, and the DOCP data were averaged over the entire area.
igure 8, reproduced from Ref. 16, shows that the averaged
xial slopes of the DOCP decay were 0.92 and 1.71 mm−1 in
ormal and abnormal cervix tissues, respectively �p�0.01�.
he error bars in the graph represent the standard deviations

or each dataset. The unit of the fitted parameters in the

ig. 7 Effects of the position of the focal point. The scattering mea-
urements using the back-reflected intensity signal are considerably
ore sensitive to the location of the focal point at which they were
easured by the PS-OCT system.
ournal of Biomedical Optics 054032-
sample tissues was different from that in the phantoms, be-
cause different fitting algorithms were applied. However, it is
evident that the DOCP decays faster for abnormal tissues be-
cause of the scattering increase, which is consistent with the
phantom data.

4 Discussion
In this study, we used the PS-OCT system to quantify the
DOP changes caused by the scattering changes in liquid phan-
toms, solid phantoms, and biological samples. Other groups
have studied the depolarization pattern depending on changes
in the particle size or concentration using an OCT or a PS-
OCT system.17,20 Schmitt and Xiang20 measured and quanti-
fied the depolarization using a conventional OCT system be-
fore the first PS-OCT system for biological sample imaging
was introduced by de Bore, Milner, and Nelson.21 They used a
linear polarizer to polarize the incident beam. Then, by manu-
ally rotating a QWP on the reference arm, they collected the
copolarized and cross-polarized lights to measure two of the
four Stokes parameters. In addition, they arbitrarily defined
the depolarization ratio as the ratio between copolarization
and cross-polarization interference intensities, which is differ-
ent from the conventional definition of the DOP. They showed
that the depolarization ratio increased with the particle size or
scatterer concentration, which is consistent with our results.

Jiao, Yao, and Wang also performed similar measurements
using a PS-OCT system.17 They delivered four different po-
larizations �horizontal, vertical, right circular, and left circu-
lar� in both the sample and reference arms and found 4�4
Mueller matrix images. In their phantom studies, the DOP,
DOLP, and DOCP were calculated by having only horizon-
tally polarized light incident on the sample and changing the
polarization of the beam on the reference arm. They showed
that the DOP could be changed for Intralipid concentrations of
1, 2, and 5%, and proposed that the DOP changes were caused
by the Brownian motion of the particles in the liquid.17 In
addition, the authors reported that all the DOP data were unity
at all depths scanned over solid fish bone.17 This is theoreti-
cally correct since OCT is a coherence gating technique. One
of the major differences between the study in Ref. 17 and ours

Fig. 8 The averaged slopes of the DOCP between normal and abnor-
mal cervical tissues. As expected, the DOCP decays faster for abnor-
mal conditions due to the higher scattering. Reproduced from Ref. 16.
September/October 2008 � Vol. 13�5�5



i
�
f
t
D
F
c
c

t
a
o
n
a
p
b
a

t
s
q
t
t
t
s

5
I
c
l
B
d
s
t
o
fi
q
n
D
w
i
u

A
T
R
r
b
�
a
F
g
s
f
o

R

Lee et al.: Quantification of scattering changes…

J

s that we collected each A-scan datum, averaged the raw data
Stokes parameters� first, and then calculated the DOP both
or liquid and solid phantoms. In this manner, we can expect
he “polarization scrambling effect,” which results in subunity
OP values for both liquid and solid samples. As shown in
ig. 3, we demonstrated that the DOP decrease is not only
aused by the noise but also by actual scattering changes that
an be quantified.

Our method is applicable to homogeneous media such as
he phantoms we used. To show that this methodology is also
pplicable to clinical diagnosis, we presented the results of
ur previous studies �Fig. 8�. The detection of intraepithelial
eoplasia in the cervix or lung can be a target application,
ssuming that the epithelial tissues are homogeneous. Our
reliminary study shows that our technology can potentially
e applied for clinical studies; however, more clinical studies
re required.16

We showed that our technology is insensitive to the loca-
ion of the focal point, which is very important in clinical
ettings. Conventional OCT technology can be used for the
uantification of scattering changes, assuming that the posi-
ion of the focal point is maintained at a certain depth
hroughout the B-scans, which is difficult to control, since the
issue surfaces are usually not flat. Using our technology, the
cattering changes can be estimated more reliably.

Conclusion
n conclusion, we demonstrate that changes in the scattering
oefficient can be quantified by using the PS-OCT system. In
iquid and solid phantoms, the axial DOP profile is fitted to a
oltzmann equation and the parameter is found to be linearly
ependent on the scattering changes. It is also shown that the
cattering measurements using PS-OCT are much less sensi-
ive to the location of the focal point, compared to the previ-
usly reported method that uses back-reflected intensity pro-
les. To demonstrate our hypothesis in biological samples, we
uantify the axial DOCP decay profiles from normal and ab-
ormal cervical tissues. The results show that the slope of the
OCP decay is largely affected by the pathology of the tissue,
hich involves the scattering property changes. Our studies

ndicate that the PS-OCT system may have potential to be
sed for the diagnosis of intraepithelial neoplasm.
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