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Fiber optic probe for polarized reflectance spectroscopy
in vivo: Design and performance

Alexey Myakov Abstract. We present the design and construction of a fiber optic
Linda Nieman probe for elastic light scattering spectroscopy in vivo with polarized
Lorenz Wicky excitation and polarization sensitive detection. The performance of
Urs Utzinger the fiber probe is evaluated using a suspension of polystyrene spheres
Rebecca Richards-Kortum placed atop a diffusely scattering substrate, and it demonstrates that
Konstantin Sokolov the size-dependent characteristics of the scatterers can be extracted in
University of Texas the presence of a highly diffusely scattering background using a linear
Biomedical Engineering Program combination of forward and backward Mie scattering components of

Austin, Texas 78712 the scatterers. Subsequently, Mie theory calculations are performed

over a broad range of diagnostically relevant parameters of nuclei—
mean diameter, size distribution, and relative refractive index—to un-
derstand how the polarized reflectance measurements with the fiber
probe can be used to extract morphological information about epithe-
lial tissue. Finally, the feasibility of in vivo measurements with the
fiber optic based polarization sensitive light scattering spectroscopy is

demonstrated. © 2002 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction phometry by recovering the typical scatterers’ sizes and their
An estimated 1,268,000 new cases of cancer will be diag- refractive indices, both encoded in the wavelength depen-
nosed in the United States in the year 2001 and of those and€nce of scattering. Mourant et al. showed that multiwave-
estimated 553 400 Americans will die from cant@ancer i '€ngth elastic scattering measurements are sensitive to mor-
the second leading cause of death in the U.S. exceeded ormphological features such as the scatterer size and refractive
- - 10 ; :

by heart disease. The majority of cancers are of epithelial INdex;" and that Mie theory could be used to estimate the
origin. Most epithelial cancers are preceded by a curable pre-Scattering particle size of intralipid_phantoms from elastic
cancerous stageTherefore, early diagnosis of pre-invasive SCaltering spectra. Later Perelman et abserved a fine peri-

epithelial neoplasia can potentially reduce both the incidence ©diC structure in the wavelength in light backscattered from
and mortality associated with cancer. mucosal tissue. In these experiments, tissue was illuminated

A number of screening and detection tools have been de- With unpolarized light and reflectance spectra were measured.
veloped to improve detection of pre-cancers; most of these are! "€ Multiple scattering background that masks the periodic
based on the qualitative analysis of the interaction of light component was modeled numerically and subtracted from
with tissue, including the pap smear, colonoscopy, and colpos- Méasured spectra to extract the periodic component. They at-
copy for example. However, the sensitivity and specificity of tributed thl_s os_cﬂlatory component to s_smgle scattering from
most clinically available screening and detection techniques Surface epithelial cell nuclei. By analyzing the amplitude and
are limited. A number of new quantitative optical techniques frequency of the fine structure, the density and size distribu-
for improved cancer detection have been introduced and tions of these nuclei were extracted. Obviously, the accuracy
testedin vitro andin vivo recently. Many of these show prom-  ©f this approach depends on the capability of the physical
ise of increasing both the sensitivity and specifiéi/One model to account for multiple scattering and absorption of the
particularly promising technique relies on the quantitative Stroma. Backman et land Sokolov et dl.later showed that
analysis of polarized light which is elastically scattered by the large diffusive background and strong hemoglobin absorp-
epithelial tissué=° the intensity versus wavelength depen- ton qould Ipe significantly reduced by |I_Ium|nat|ng tissue with
dence of this scattering may be related to changes in nuclearPolarized light and detecting the elastic scattered light at the
size, density, and chromatin texture. parallel and perpendicular polarizations. Backman et al. re-

Pre-cancerous lesions are characterized by increasecPOrted results from phantoms, including polystyrene beads
nuclear size, increased nuclear/cytoplasmic ratio, hyperchro-2nd normal and malignant cells, and they indicated that polar-
masia and pleomorphisElastic light scattering spectros- ized elastic light scattering spectroscopy is a promising tool

copy may provide a tool with which to assess tissue mor- that can potentially provide a quantitative estimate of the size
distributions of cell nuclei. Moreover, it can provide addi-

Address all correspondence to Konstantin Sokolov. Tel: 512-471-7440; Fax:
512-475-8854, E-mail: kostia@mail.utexas.edu 1083-3668/2002/$15.00 © 2002 SPIE

388 Journal of Biomedical Optics ¢ July 2002 * Vol. 7 No. 3



Fiber Optic Probe . . .

tional information about the relative refractive index of the Gap Between Two Pieces
of Polarizing Film

nucleus.

Sokolov et af reported results of the firsh vivo study
using a tabletop setup to measure polarized elastic scattering
spectra. The method was first tested on a number of phantoms
modeling epithelial tissue and on cervical biopsies. Then
vivo reflectance spectra of the oral cavity were measured and
sizes of the nuclei were quantified. While these measurements
were maden vivo, the optical setup did not allow easy access e A
to mucosal surfaces because it used macroscopic optical COm-  Ppolarization Axes
ponents. Further advances in instrumentation are required to
enable larger clinical trials with easier access to mucosal sur-
faces. Fig. 1 Schematic of the probe design for polarized reflectance mea-

One potential approach to enable clinical measurements issurements.
to rely on polarization sensitive optical imaging. This ap-
proach has already been demonstrated on*$kifand could
be successfully utilized to enhance singly scattered light.
However, upgrading polarization imaging to provide the
wavelength dependent information necessary to extract the
nuclear sizes could significantly increase the cost.

There are several important issues, which must be ad-
dressed in order to advance polarized elastic light scattering
spectroscopy to use in clinical practice. An important practical
issue is to develop fiber optic probes that enable minimally
invasive access to the many internal organs covered with epi-
thelial tissue such as the oral cavity, larynx, cervix, esopha-
gus, stomach, colon, bladder, and lung. In this paper we
present the design and construction of a fiber optic probe for

e:igés(;[l?o?cgﬁl:iiztllZTUZieenssmL\J/;nspzcgsgcgﬁzig\rllhg‘h ((:)?ns b ?eﬁg_ achieve the separation and to position the fibers symmetrically
Eeads we demonstrate.that t%e fiberp robe canp b)é tgsed torelative to each other, the fibers were first positioned and
extract the size-dependent characteristipcs of scatterers in '[hr:glued inside a stainless steel d[$kgure 3a)]. The disk, with
ep . . a diameter of~3.4 mm and thickness of-1.52 mm, has
presence of a highly diffusely scattering background. We h hol . v 2 in di
show that reflectance spectra collected with the fiber probet ree holes approximately 1m in diameter to accommo-
. . L date optical fibers. The holes were made by laser drillizy
can be described as a linear combination of forward and back- . . . .
Companies After the disk and fibers were polished, two

scattering components of the scatterers which can be derived_. L . . . Lo
from Miegtheor?/ calculations. We perform Mie theory simu- pieces of polarization filnfPolaroid Corp. with polarization

lations over a broad range of important morphological axes perpendicular to each other were positioned and glued on

parameters—the mean nuclear diameter, nuclear size distribu-the disk surface using an optically transparent, biocompatible

tion, and nuclear relative refractive index—to evaluate the glue (Epotek 301-2, Epoxy TechnologyFigures 3b) and

sensitivity of polarized reflectance spectroscopy with the fiber 3(0)]. The glue was also used to place a fused silica protective
yorp ctance sp copy optical window on the top of the fiber probe. Finally, the disk
probe to morphology of epithelial tissue. Finally, we demon-

strate the capability of polarization sensitive light scattering assembly was placed inside a stainless steel tube and the gap

spectroscopy to estimate directly the sizes and size distribu-
tions of nuclei in oral cavity mucosa vivo.

tered in the epithelial layéf. Second, the fiber’s numerical
aperture(NA) and separation must be adjusted appropriately
to avoid collection of Fresnel reflections from the window
surface and the tissue surface. We can control the distance
between the optical fibers, their numerical apertures, and the
thickness of the optical window. These parameters were ad-
justed to optimize the design of the optical probe to satisfy
both requirements.

The precise geometry of the fiber probe constructed and
tested here is shown in Figure 2. The probe was built using
three 200 micron core diameter fibers with 0.22 NA. The
edge-to-edge separation between fibers was 4@ To

200 pm fiber ca. 100

2 Methods
2.1 Fiber Probe Construction

Figure 1 illustrates the design concept of our optical fiber
probe for polarized reflectance measurementwivo. The
probe consists of a fiber that delivers polarized illumination to
the tissue site of interest and two independent fibers for si-
multaneous collection of components of tissue scattering with
polarizations parallel and perpendicular to the incident light. S==S=5===
The collection fibers are located symmetrically relative to the
excitation fiber. There are two major considerations which
must be taken into account when designing and building the
probe. First, the distance between the illumination and collec-
tion fibers should be small to minimize collection of multiply Fig. 2 Geometry of the fiber probe for polarized reflectance measure-
scattered light and to maximize collection of light singly scat- ments.

Gap in Polarizing Film

Glue n = 1.56

Tissue
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as an optical interface and allows the scattering of nuclei to be
directly assessed. The concentration of BSA that provides the
refractive index matching between the cytoplasm and the sur-
rounding medium was determined using phase-contrast mi-
croscopy. The BSA concentration was adjusted until the vis-
ible phase-contrast mismatch between the surrounding
medium and the cellular cytoplasm was eliminatdthe 1483

oral epithelial cell line was used for these experiments. The
cells were received in a culture medium and were first washed
three times in PBS buffer. Then they were resuspended in
20%(g/100 mL BSA in PBS. The cells were placed on top of
the diffusively scattering substrate at a concentration which
corresponded to about 10-15 monolayefhe cells were
structurally sound after the optical measurements as evaluated
Fig. 3 Major steps in manufacturing the fiber probe: (a) mounting under the light microscope.

illuminfitioq and collection optical ﬁber's ina fi.ber dis'k; (b) gluing the Spectral properties of the stroma were measured using two
polarizing films; (c) a photograph obtained using a light microscope different biological models: a stromal portion of cervical bi-

showing a gap between two pieces of polarizing film positioned in : d coll Is. Coll | din th
front of optical fibers; (d) gluing a fused silica protective optical win- opsies and collagen gels. Collagen gels were prepared in the

dow on top of polarizing films, placing the disk assembly inside a manner described.in Ref. 15. Qervical biopsies were obtained
stainless steel tube, and sealing the gap between the tube and the disk from the Cooperative Human Tissue Netwd@HTN). Three
assembly with a biocompatible glue. samples of cervical biopsy were measured. Both models yield

similar scattering properties of stroma which were used in

fitting the polarized reflectance spectra colledtedivo. The
between the tube and the disk was filled using the epoxy glue structure of cervical squamous epithelium is similar in struc-
[Figure 3d)]. ture to oral squamous epithelium. Therefore cervical biopsies

The illumination fiber was connected to a Xe pulsed lamp were used to model properties of squamous epithelium of oral

(Hamamatsu, L7685which provides ~4 us pulses with cavity.
30-60 Hz repetition rate. The scattered light collected was ~ Normal volunteers were recruited at the University of
focused onto the 25Gum entrance slit of a single grating  Texas at Austin foiin vivo reflectance measurements of the
spectrograpttf/3.8,300 lines/mm grating, Monospec 18, Jar- oral cavity mucosa. Informed consent was obtained and the

rel Ash) coupled to a gated intensified photodiode array de- study was reviewed and approved by the Internal Review
tector (IRY-700, Princeton InstrumentsThe detector was set  Board of the University of Texas at Austin.

to gated mode and was open only for the duration of a pulse
from the Xe lamp. Delay times were controlled by a pulse .
generator. The use of the pulsed lamp and the gated detecto® Data Analysis
allowed all measurements to be performed under room light For each sample, elastically scattered light was measured with
illumination. This was important in order to reduce the pa- polarization parallel and perpendicular to the polarization of
tient’s anxiety and to make operation of the device more con- the illumination light. Dark current was recorded and sub-
venient for clinical practitioners. A PC computer controlled tracted from all measured spectra. The following depolariza-
data acquisition. A mercury lampORIEL) was used for tion ratio (D) was calculated:
wavelength calibration of the spectrometer.
LN =1 (M)

DN)= s =750 1

2.2 Samples (A) KOSEIREY @

Polystyrene bead$5 um diameter were purchased from
Bangs Laboratories. Suspension cultures of human oral cavity
epithelial cells(line 1483 were provided by the University of
Texas M. D. Anderson Cancer Center.

Suspensions of wm beads in water were placed atop a
diffusely scattering substrat&RS-99, LabsphereThe sub-
strate strongly depolarizes the excitation polarization and

wherel;(\) is the component of the light scattered by the
sample with polarization parallel to the incident light,(\)

is the component with polarization perpendicular to the inci-
dent light, and\ is the wavelength of the incident light. The
normalization term in the denominator is the total intensity of
light (the perpendicular plus the parallel compongrdsl-
lected from a diffuse scattering substrate alone. The normal-

mimics the multiple scattering produced in the stromal layer ._ .. o .
of epithelial tissue. The concentration of 6 polystyrene |_zat|on accounts for the spectral characterlstl_cs of the excita-
) tion lamp and the spectrometer. The radfi¢\) is called the

beads was chosen so that the beads would approximately formde olarization ratio throuahout this paper
a monolayer if they all settled down on the surface of the P 9 Paper.
substrate. To prevent the beads from aggregating, 3 mg/mL of . .
bovine serum albumifBSA) was added to the water solution. 31 .Theoretlcal Model for Spectra Collected with

Next, epithelial cells were used in place of polystyrene the Fiber Probe
beads. As described in our earlier wbike used a high con-  To understand depolarization ratio spectra obtained with the
centration of bovine serum albumin to match the refractive fiber optic probe we used the approach described in Ref. 6 for
index of the cytoplasm with the refractive index of the sur- a benchtop polarized reflectance spectrometer. Our theoretical
rounding medium. This effectively eliminates the cytoplasm analysis revealed that the depolarization ratio spectra can be
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described using a linear combination of forward scattering, ization of light. The definitions of scattering anglesand 6

backward scattering, and the depolarization ratio for stroma. and of the polarization ratio are described in detail in Ref. 17.

The final expression for the depolarization ratio is given by  Our probe collects scattering events withe (—9°;9°), 6¢
€(0%99, and 6ge(162°;1719. Although scattering at

L) —1,(N) some angles can alter the original state of polarization, the
D(N)= m changes in polarization after a single scattering do not exceed
I L 5% for our probe geometiyFigures 4c) and 4d)]. Therefore,
=a(p)B(N)+b(p)SIN)F(N)+S(N), our assumption that the polarization state is preserved after a
single scattering event is valid.
F(M)= L p(6,\,d,Ad)sin6de, 4 Implementation of the Model
F ) The experimental depolarization ratio spectra obtainedvo
were fit to a linear combination of forward and backward
B(\)= f p( 9,)\E,Ad)sin 6do, scattering terms and a stromal depolarization ratio profile
fp S(\) [Eq. (2)]. The relative mean diameter was varied within
physiologically reasonable limits. A standard deviatian of
— o nuclear size distributioth = 0.6 wm was previously reported
p(G,A,d,Ad)=<p(0,)\,d)>N(d)=fo p(6,\,d)N(d)dd, in morphometric studies of normal oral epithelium of the
cheek!® We used this value to simplify the Mie theory calcu-
whered is the nuclear diametep(e,)\,E,Ad) is the scatter- lations. It was assumed that scatterers were homogeneous and

ing phase function averaged over the distribution of nuclear nondispersive spheres, hence, we were able to utilize Mie

diameterdN(d), d is the average nuclear diametar is the th_eory. The phase functiorp(é,),d), was calculated from
corresponding standard deviatign,is the density of nuclei ~ Mi€ theory and was averaged for each wavelength over a

(number of nuclei per unit volumed is the angle between the ~ Gaussian distribution of nuclear diamet#i&d) with centerd
detection and illumination angle#,, is the range of back-  and standard deviatioAd. The forward and backward com-
ward scattering angle® is the range of forward scattering Ponents were computed using Mie theory by integrating the
anglesa(p) andb(p) are parameters that depend on the den- Phase function over the following ranges of anglés

sity of nuclei(p), andS(\) is the depolarization ratio profile ~ €(0°;9°) and #ge(162°;1719, which were calculated

of stroma.S(\) was determined in experiments on epithelial With respect to the delivery/acceptance angles of fibers in tis-
biopsies described Sec. 2.2. Note that the distribution of sue and the geometry of the probe. Alinear non-negative least
nuclear diameters and of wavelength dependence of scatteringquares algorithm was used to obtain a fit for each set of
is encoded in the terrp(a,)\E,Ad), which can be calculated nuclear morphometric parameters. Then the standard sum of

using Mie theory if the nuclei are assumed to be homoge- the squared errotSSE) between.the expenmentgl spectrum
neous spheres. and the fit obtained was determined. The best fit was the one

The proposed model is based on the assumptions that, one:t’.\’it.h the smt;allehs.t va}lue of tZe S.SE' The Mie cp(;je :;rgjd the
the epithelium is optically thin and, therefore, the reflectance ltting were both iImplemented USINATLAB to provide addl-

signal that originates from the epithelium is determined pri- tional flexibility over commercially available Mie software.

marily by single scattering events. Second, the polarization The maTLAB COd? was verified by comparing Its r7e sults to
state is not changed by a single scattering event. Third, the@Pulated scattering curves published by van de Hulst.
incident light is effectively depolarized by the stroma, and
only a small fraction retains its original polarization. Fourth, 5 Results
the actual and relative refractive indices of scatterers and me-To determine whether the collection fibers collect light with
dium are both nondispersive. polarization parallel and perpendicular to the polarization of
The typical thickness of squamous epithelium is on the the illumination light according to the probe design, the fiber
order of 150-300um and the scattering coefficient varies probe was placed in direct contact with a mirror and the illu-
from 110 cm * for 400 nm to70 cmi * for 600 nm?® There- mination fiber was connected to a continuous weowe) light
fore, the typical number of scattering events photons undergosource. Then signals were monitored in both collection fibers
before reaching stroma is approximately 1-2. Thus, the single as the mirror was moved away from the probe using a cali-
scattering approximation is applicable in this case. brated microtranslation stage. No signal in either collection
Since polarization can potentially be altered as a result of a fiber was observed when the probe was in direct contact with
single scattering event we performed numerical modeling of the mirror and a strong signal was detected in the fiber which
the polarization ratio intensities for two different scattering collects light with polarization parallel to that of the illumina-
particles in our probe geometry. The refractive indices of the tion light when the mirror was moved more than20 um

medium and particles were assumed torhe~1.374 and from the probe. Practically no signat — 30 dBcompared to
Npa— 1.4235,respectively. Figures(d) and 4b) show a com- the fiber collecting parallel polarizatipmas detected through
parison of the polarization ratio intensity plots for a Rayleigh the fiber collecting light with polarization perpendicular to
scatterer(diameterD =0.06 um) and a typical nucleugD that of illumination light at any separations between the mir-

=6 um). The black corresponds to the conservation of the ror and the probe. In a separate experiment, we compared the
original polarization after a single scattering event. The white collection efficiency of both collection fibers by illuminating
corresponds to a scattering event with changes in the polar-the distal end of the probe with a nonpolarized light source.
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Fig. 4 Calculated polarization ratio plots for two particles with refractive index of n,,,=1.4235 in a medium with refractive index of np.q
=1.374 and incident wavelength of A=600 nm: (a) polarization plot for a Rayleigh scatterer with diameter of 0.06 um for the entire range of
scattering angles ¢ and 6; (b) polarization plot for a nucleus-like scatterer with diameter of 6 um for the entire range of scattering angles ¢ and 6;
(c) polarization plot for a Rayleigh scatterer with diameter of 0.06 um for the ranges of scattering angles ¢ and 6 sampled with our probe; (d)
polarization plot for a nucleus-like scatterer with diameter of 6 um for the ranges of scattering angles ¢ and 6 sampled with our probe.

The amount of light collected by both fibers was the same backward scattering components derived from Mie theory as
within 4%-5%. These results show that the two pieces of predicted by our model.

polarizing film positioned in front of the two collection fibers We demonstrated previously that polarized reflectance
and the illumination fiber are indeed oriented perpendicular spectra of epithelial tissue can be accounted for by scattering
relative to each other as shown in Figure 2. The experiment characteristics of nucl@iHowever, to study the morphology
with the mirror also showed that simple Fresnel reflections are of epijthelial tissuein vivo using polarized reflectance spec-
collected only for surfaces more than20 um distant from troscopy it is important to understand how changes in nuclear
the tip of the probe. So,_Fres_neI reflectlo_ns from the tissue morphology, which include the average diameter, standard de-
surface can be totally avoided if the probe is placed at a site in viation, and refractive index of nuclei. can affect both the

direct contact W'.th a tissue of interest. . forward and backward scattering components of tissue. To
After evaluation of the probe geometry we determined .

whether the probe could be used to detect the size dependan:[nv_eStigate this dependence, we perform_ed Mie theory calcu-
signatures of scatterers in the presence of a diffusely scatter- ations over a broad range of morphological parameters. The

ing background. We used a suspension of polystyrene beadd®sults are summarized in Figure 6. The mean diameter
(n=1.59 with a diameter of 5um in water(n=1.33 placed ranged from 4 to §um VYIth a fixed standa_rd deviation of 0.5
atop a highly diffusely scattering substrate whose spectral re-#M and relative refractive index of nuclej,c=1.036.

flection profile is sufficiently flat and can be approximated by ~ Figures €a) and Gb) show the changes in the spectra of
a constant dc offset. The concentration of the beads was choforward and backward scattering as the mean nuclear diam-
sen so that the beads would form a monolayer if they all eter is varied. The changes of forward and backward scatter-
settled down on the surface. Figure 5 shows that the experi-ing spectra corresponding to alterations in the width of the
mental depolarization ratio spectrum obtained for the beads nuclear distribution, ranging from 0.1 to 1. with constant
can be described by using a linear combination of forward and mean diametef4.7 um) and relative refractive indegn,

392 Journal of Biomedical Optics ¢ July 2002 * Vol. 7 No. 3



Fiber Optic Probe . . .

0.045 forward scattering spectra do not show a strong dependence
0.04 on the width for narrow distributions but undergo significant
changes as the width of distribution becomes larger than 0.5
';: 0.035 um. The relative amplitude of the forward component varies
) 0.03 from 40% for the narrowest distribution to 13% for the widest
2 0.025 one.
7 /Jv'\ﬂv\_\ The forward scattering spectra show prominent changes as
§ 0.02 A\a\‘\ the relative refractive index of scatterers increases from 1.03
S 0015 h P to 1.(_)48[Figure ge)]. Corresponding changes in the relat_ive
0.01 amplitudes are from 49% to 9%. Note that the alterations
. observed are very similar to those present as the mean scat-
0.005 o terer diameter is increasédf. Figures 6a) and Fe)]. To fa-

[ 3y 2 o n o 2y
..'u’\l\,‘.'\," \NAAAANNINAN

0 cilitate analysis of the dependence of the backward scattering
Lo b b e b 1 spectra on the relative refractive index of scatterers, the cal-

0.005 culated backscattering spectra were normalized to the same
0 WMW value at 570 nnjFigure Gf)]. The backward component un-
e e Lo b b dergoes noticeable changes in the wavelength region between

-0.005
450 500 550 600 420 and 540 nm; as the relative refractive index increases, the
Wavelength (nm) valley around 470 nm becomes more prominent. However, the
relative amplitude of the alterations is just 1.7% for the rela-
Fig. 5 5 um polystyrene beads in water: Experimental depolarization tive index of n,q=1.048and ~1.2% for the more biologi-

ratio reflectance spectrum (dotted curve), forward (long dashed curve)

and backward (short dashed curve) scattering components, and theo- cally relevant value ofire= 1.'03.7' S .
retical fit (solid curve) obtained from Mie theory calculations. The The effect of the collection/illumination fiber NA on the

inset at the bottom shows a differential spectrum between the experi- forward and backward scattering components was also stud-

mental and the fitting curves. ied. We performed numerical simulations with a typical dis-
tribution of nuclear sizes with mean diameter ofufn and
distribution width of 0.5um and NAs ranging from 0.22 to

=1.036, are depicted in Figures(® and &d), respectively. 0.4. It was shown tha.t, while the ampl@tudes of the forward
The curves shown in Figureséd and &f) summarize the and_bacl_<wa_rd scattering components increase as the NA of
changes in the scattering components associated with change&'e illumination/collection fibers increases, the shapes of the
in relative refractive index ranging from 1.03 to 1.048, while Curves do not undergo any significant changes for the simu-
the mean diameter and standard deviation of nuclear sizeslat€d NAs. Therefore, we used the most common fibers with a
remained constant, at 4.7 and Quf, respectively. NA of 0.22 in our probe design. _ .

To quantitatively characterize changes in taplitudeof To reduce the number of fitting parameters in analysis of
these different curves we calculated the relative amplitude Polarized reflectance spectra of epitheliumvivo we used
(1,e) of each curve, which is defined as the ratio of the maxi- eplthel_lal c_ells from the oral cav_lty to determ_lne the relative
mum intensity valug(l ) Minus minimum intensity value refractive index of these nuclei. The polarized reflectance

(1) divided by the average intensity value of the spectrum: SPectra of cells were measured in a highly concentrated solu-
tion of BSA to match the refractive index of cytoplasm de-

lmax— | min scribed in Refs. 6 and 19. The mean diameter and standard
IreFm. deviation of sizes of nuclei were determined by light micros-
max ~min copy (d=11+1 um). The depolarization ratio spectrum ob-
As can be seen, both the forward and the backscatteringtained for the cells was fit to a linear combination of forward
spectrd Figures 6a) and Gb)] undergo distinct changes with  and backward scattering Mie components plus a constant dc
changes in the mean scatterer diameter. However, the relativeoffset using the refractive index of nuclei as a fitting param-
amplitude changes of the forward component vary 50% as theeter to achieve the best fit. The fitting procedure yielded a
mean diameter increases from 4 tau@, whereas the relative  refractive index of the nuclei oh,,=1.4235%0.0007,
amplitude changes in the backward component vary by 0.5% which corresponds to the relative refractive index rgf,
up to 4%. Because the relative changes in the shape of the=1.036.
backscattering spectra are much smaller as the mean nuclear In vivo measurements of the oral cavity mucosa obtained
diameter is changed, this component is less sensitive tousing the polarization sensitive fiber probe are shown in Fig-
changes in this morphological parameter. ure 7. Strong hemoglobin absorption is evident in the unproc-
The dependences of forward and backscattering spectra oressed reflectance specii@igures Ta) and 7c)]. Both the
the width of the size of the nuclear distributions are shown on hemoglobin absorption and the diffuse background are dra-
the same relative scale in Figure&)and &d), respectively. matically reduced when the perpendicular component of scat-
The backscattering component shows a strong dependence otered light is subtracted from the parallel one. The resulting
the width of the size distribution for narrow distribution depolarization ratio spectra were described using Mie theory
changes from 0.1 te-0.3 um but becomes relatively flat as  calculations with fixed refractive indices derived from the ex-
the width of distribution increases. The corresponding relative periments with cells(refractive index of mediumn,gq
amplitude changes from 14% for a Quin distribution width =1.374+0.001, refractive index of nuclein,y=1.4235
to ~2% for a 1.7 um distribution width. In contrast, the  =0.0007. The average diameter of nuclei retrieved from the
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Fig. 6 Mie theory calculations for forward and backward scattering components of spherical scatterers for illumination/collection geometry of the
fiber optic probe. The mean diameter, size distribution, and relative refractive index of the scatterers were varied over ranges characteristic of
epithelial nuclei. Calculations for mean diameters were made with fixed relative refractive index n,=1.036 and size distribution Ad=0.5 um. (a)
Forward and (b) backward scattering components for mean diameters of 4 (solid curve), 5 (short dashed curve), 6 (long dashed curve), 7 (dot-
dashed curve), and 8 um (dot-dot-dashed curve). Mie calculations of (c) forward and (d) backscattering components associated with an increase in
the size distribution of scatterers with fixed mean diameter d=4.7 um and relative refractive index n,=1.036; the calculations are performed in
0.2 um increments beginning at 0.1 um; the arrows show the direction of the changes with an increase in size distribution. The curves in (c) and
(d) are shown on the same relative scale. Mie calculations of (e) forward and (f) backward scattering components associated with an increase in the
relative refractive index of scatterers with fixed mean diameter d=4.7 um and size distribution of diameters Ad=0.5 um: n.=1.03 (solid curve),
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larization ratio curves.

6 Discussion and Conclusions

Recently, wé and other§® have demonstrated that polarized
reflectance spectroscopy can be used to selectively detect th
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size-dependant scattering signatures of epithelial cells in the
and the components used to describe the experimental depopresence of both a strong diffusely scattering background and
hemoglobin absorption. This opens up an exciting opportunity
to develop noninvasive optical devices that can provide in real
time diagnostically useful quantitative information about tis-

Sue morphology. Since nuclear morphology is a key param-
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Fig. 7 Oral cavity reflectance spectra obtained in vivo for two different volunteers using the fiber optic probe and corresponding fits [(a) and (b)
correspond to the volunteer 1, (c) and (d) correspond to the volunteer 2]. (a), (c) Reflectance spectra obtained using parallel collection fiber (solid
curve), perpendicular collection fiber (long dashed curve), and the depolarization ratio spectrum (dotted curve). (b), (d) Depolarization ratio (dotted
curve), calculated fit (solid curve), forward scattering component (long dashed curve), backward scattering component (short dashed curve).

eter in the diagnosis of cancers and pre-cancers, polarizeddeveloped by us to analyze spectra obtained using a benchtop
reflectance spectroscopy could be used as a new modality topolarized reflectance spectrometer can be directly transferred
improve early detection of pre-cancénsvivo. Here, we dem- to the probe geometry.
onstrated a fiber optic probe which can be used to measure To make a transition from polarized reflectance measure-
polarized reflectance spectia vivo. First, we showed that  ments of well-characterized phantomsrovivo epithelial hu-
depolarization ratio spectra obtained using this fiber probe canman tissue it is important to understand how forward and
be described as a linear combination of forward and back- backscattering components of tissue scattering are related to
scattering spectra of the scatterers for polystyrene spheredissue morphology. Our primary interest was to retrieve the
placed atop a strongly diffusely scattering substrate. Then we main morphological signatures associated with cancer devel-
performed Mie theory calculations to analyze the morphologi- opment which are increased nuclear size, increased nuclear/
cal parameters of epithelial tissue that most strongly influence cytoplasmic ratio, increased width of the nuclear size distri-
polarized reflectance measurements with the fiber probe. Fi-bution, and hyperchromasia. To determine the feasibility of
nally, we applied the fiber probe setup to assess the morphol-measuring these parameters via this spectroscopic approach
ogy of normal oral cavity mucosa vivo. we performed Mie theory calculations that approximated nu-
Figure 5 showed that a linear combination of forward and clei as spherical scatterers with a characteristic average refrac-
backward scattering components is needed to fully describetive index.
the depolarization ratio spectrum obtained for polystyrene  First, we fixed the refractive index using the value deter-
beads in water. The polystyrene beads, with well-known di- mined in experiments with oral epithelial cells in suspension
ameter and refractive index, provide a well-characterized and varied the mean diameter and distribution of sizes of nu-
phantom to verify the theoretical model that describes depo- clei. Our calculations showed a strong dependence of both the
larization ratio spectra obtained using the fiber probe. The forward and the backward scattering components on the mean
data presented are very similar to those reported in Ref. 6 andnuclear diametefFigures 6a) and Gb)]. However, the rela-
they support our conclusion that the approaches previouslytive amplitude of the forward component is at least an order
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of magnitude higher than that of the backscattering one. More phantom experiments are needed to determine quantita-
Therefore, backscattering spectra appear flat compared to fortively the sensitivity of fiber based polarized reflectance spec-
ward scattering spectra. Thus, the forward scattering compo-troscopy to the morphology of nuclei. In future experiments,
nent is the decisive factor which determines the mean diam-we plan to use phantoms of increased complexity to address
eter of scatterers from polarization reflectance measurementsthis problem: suspensions of spheres with known mean diam-
The backward component will play a decisive role only when eter and width of distributions, well-characterized cell lines,
its contribution to depolarization ratio spectra is bigger than and realistic three-dimensional tissue phantdms.
the contribution of the forward componeftoefficientb in Examples ofin vivo measurements of oral cavity mucosa
Eq.(2)] by a factor of~ 1°. In the case of different widths of ~ using the polarization sensitive fiber optic probe were shown
size distributions, the backscattering and forward scattering in Figure 7. The use of polarization illumination/detection sig-
components appear to be complementary, since backscatteringpificantly reduces the contribution of hemoglobin absorption
shows high sensitivity to size distributions with widths less according to the spectra measured. However, it was found that
than~ 0.5 um and the forward scattering is more sensitive to in some cases residual blood absorption remained in the pro-
size distributions with widths larger than Qu&n [Figures 6c) cessed spectra, and this can make quantitative analysis diffi-
and Gd)]. These results show promise that the combination of cult. We are currently optimizing the fiber probe to increase
forward and backward scattering components can be used tathe portion of collected light scattered by epithelium and de-
retrieve both the mean diameter and distribution width of nu- crease the contribution of light scattered by stroma. This can
clei in vivo. be achieved by increasing the overlap between the illumina-

Consequently, we fixed the mean diameter and size distri- tion and collection cones in the epithelium and by suppressing
bution of scatterers and changed the relative refractive indexthe acceptance angle for light scattered by stroma.
from 1.03 to 1.048. Changes in refractive index cause similar  In our current approach we used a suspension of epithelial
alterations in the forward scattering component as changes ofcells in highly concentrated BSA solution to determine the
the mean diameter of scatter¢d. (a) and (e) in Figure 6. relative refractive index of nucl@iA high concentration of
Therefore, it can be problematic to separate contributions of BSA allows one to match the refractive indices of the cellular
these two parameters in the forward scattering of nuclei. In cytoplasm and the surrounding meditriThis results in a
the case of the backward component the average amplitude ofdramatic decrease in scattering associated with cellular cyto-
scattering significantly increases with and increase of the re- plasm while the nuclear scattering remains the same. The re-
fractive index but the relative amplitude undergoes only mi- fractive index obtained from experiments with cell suspen-
nor alterations;~1.7% (n,e=1.048 or less[Figure Gf)]. It sions is used as a fixed parameter in fitting polarized
is doubtful that these subtle changes of the backscatteringreflectance spectra of epithelial tissue. This approach allows
component can be measured in the presence of the sharplys to avoid the uncertainty associated with simultaneous de-
changing forward component. Even in geometries in which a termination of the relative refractive index, mean diameter,
backscattering component can be measured separately i@nd size distribution of nuclen vivo.
would require a setup with a signal-to-noise ratio significantly ~ The experimentain vivo depolarization ratio curves were
higher than 60 in order to be able to see the shape of thefit using Mie theory calculations with the relative refractive
individual curves shown in Figure(. The signal-to-noise index of nuclein=1.036.The best fits were achieved for
ratio should be another 10 times higher in order to detect mean nuclear diameters df,,=5.0 um. The mean diameter
alterations in the backscattering curves associated with from morphometric measurements of normal oral epithelium
changes in relative refractive index in the physiologically rel- of the cheeld=6.0 um was previously reportetf. The mean
evant range between 1.03 and 1.037. This requirement maydiameter extracted from polarized reflectance measurements
create technical difficulties in implementation of polarized re- agrees reasonably well with previous measurements.
flectance spectroscopy fam vivo measurements. Therefore, In summary, we have developed a fiber optic probe for an
we believe that it is impractical to use the shape of the back- elastic polarization spectroscopy technique which allows one
scattering component to retrieve the relative refractive index to dramatically decrease the contribution of both diffusely
of scatterers. However, some information about changes in thescattered light and hemoglobin absorption that originate from
relative refractive index can be obtained from a comparison of stroma. The performance of the fiber probe was tested using a
the relative contribution of backward and forward compo- suspension of polystyrene spheres placed atop a diffusely
nents in experimental depolarization ratio spectra. Our Mie scattering substrate arid vivo measurements of oral cavity
theory calculations showed that the average intensity of the mucosa. Subsequent analysis of the spectra measured in terms
forward component does not strongly depend on changes inof Mie theory revealed diagnostically useful morphological
the relative refractive indej)Figure Ge)]. The intensity of the ~ parameters of nuclei, which are currently available only
backscattering component in contrast strongly depends on thethrough the painful procedure of excision biopsy. The fiber
relative refractive index of scatterers. The average amplitude optic probe will allow measurements to be perforniedivo
of the backscattering component varies approximately by in clinical settings that will bridge the gap between benchtop
30% when the relative refractive index increases by 0.005. studies and clinical applications of polarized reflectance spec-
Therefore, changes in the relative contribution of forward and troscopy.
backscattering components could be indicative of variations
in the relative refractive index of scatterers. Acknowledgments
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