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Abstract—We report an in situ method of probing the structure
of living epithelial cells, based on light scattering spectroscopy
with polarized light. The method makes it possible to distinguish
between single backscattering from uppermost epithelial cells and
multiply scattered light. The spectrum of the single backscatter-
ing component can be further analyzed to provide histological
information about the epithelial cells such as the size distribution
of the cell nuclei and their refractive index. These are valuable
quantities to detect and diagnose precancerous changes in human
tissues.

Index Terms—Cancer diagnosis, light scattering, medical spec-
troscopy, polarization.

I. INTRODUCTION

CHARACTERIZATION of cellular structures in living
systems is an important problem in biomedical science.

The ability to extract quantitative information in living cellsin
situ without perturbing them, could be used to study biophys-
ical processes in living systems and to monitor morphological
and physiological changes such as precancerous or cancerous
conditions. At present, such information can only be obtained
by tissue removal or scraping. Currently, techniques such as
microscopy and flow cytometry are used to probe intracellular
structure, and applying themin situ is not possible. In this
paper we present anin situ method of probing the structure
of living cells, based on light scattering spectroscopy (LSS)
with polarized light.

Body surfaces are lined by a cohesive and richly cellular
epithelial layer, which in association with the underlying sup-
porting structures form a mucosal lining. Light traversing the
epithelial layer can be scattered by cell organelles of various
sizes, such as mitochondria and nuclei, which have refractive
indices higher than that of the surrounding cytoplasm [1]. The
cell nuclei are appreciably larger than the optical wavelength
(typically 5–10 m versus 0.5 m). They predominantly
scatter light in the forward direction, and there is appreciable
scattering in the backward direction, as well [2].
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We have previously shown that the backscattered light
has a wavelength-dependent oscillatory component [3]. The
periodicity of this component increases with nuclear size,
and its amplitude is related to cellularity or the population
density of the epithelial nuclei. By analyzing the frequency and
amplitude of this oscillatory component, the size distribution
and density of epithelial nuclei can be extracted. However,
the measurements reported in [3] used unpolarized light, and
in order to extract the information of interest, it was necessary
to use a physical model to remove the large background from
underlying tissue. In this paper, we discuss the use of polarized
light in LSS, and show that it provides a direct experimental
method for background removal, as well as other advantages.

One important application of a technique capable of mea-
suring quantitative changes of intracellular structuresin situ is
early diagnosis of cancer or precancerous lesions. More than
90% of all cancers are epithelial in origin [4]. Most epithelial
cancers have a well-defined precancerous stage characterized
by nuclear atypia and dysplasia. Lesions detected at this stage
can potentially be eradicated with early diagnosis. However,
many forms of atypia and dysplasia are flat and not visually
observable. Thus, surveillance for invisible dysplasia employs
random biopsy, followed by microscopic examination of the
biopsy material by a pathologist. However, usually only a
small fraction of the epithelial surface at risk for dysplasia
can be sampled in this way, potentially resulting in a high
sampling error.

The various forms of epithelial dysplasia exhibit some com-
mon morphological changes on microscopic examination, the
most prominent of which relate to the nuclear morphology. The
nuclei become enlarged, pleomorphic (irregular in contour and
size distribution), “crowded” (they occupy more of the tissue
volume), and hyperchromatic (they stain more intensely with
nuclear stains) [5]. Light-scattering spectroscopy is capable
of providing quantitative information to characterize these
features and, as a noninvasive optical technique, it is well
suited for use in dysplasia surveillance [6]. LSS can be applied
in situ does not require tissue removal, and analysis can be
performed in real time.

However, in applying LSS to human tissues, one has to
overcome the problem of removing the large contribution to
the reflected light caused by diffuse scattering from underlying
tissue layers. To better understand this problem, consider
the architecture of the superficial tissues of the body. Body
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surfaces are covered with a thin layer of epithelial tissue. The
thickness of the epithelium in various organs ranges from less
than 10 m in simple (single layer) squamous epithelia to
several hundredm in stratified (multiple cell layers) epithelia.
Beneath all epithelia are variable layers of the supporting
components including relatively hypocellular connective tis-
sues, inflammatory cells, and neurovascular structures. In order
to detect changes in epithelial cell nuclei associated with
dysplasia, one must differentiate the light reflected from the
epithelial layer from that of the underlying tissue. Since the
penetration depth in tissue substantially exceeds the epithelial
thickness, the backscattered light from epithelial nuclei is
ordinarily very small in amplitude, and it is easily masked
by the diffuse background from the underlying tissue. To
analyze the backscattered component, this background must
be removed. Previously, this was accomplished by modeling
the general spectral features of the background [3]. However,
this approach must be specifically adapted to each different
type of tissue studied, and its accuracy is theory dependent. To
optimize the use of LSS for various medical applications, it is
of interest to consider more robust methods of removing or sig-
nificantly reducing the diffuse component of the scattered light.

This paper reports an experimental means of isolating the
scattering from epithelial cell nuclei using polarized light. It is
well known that initially polarized light looses its polarization
when traversing a turbid medium [7], [8] such as biological
tissue [9]. In contrast, the polarization of the light scattered
backward after a single scattering event is preserved. This
property of polarized light has been used to image surface
and near surface biological tissues [10]. Thus, by subtracting
off the unpolarized component of the scattered light, the
contribution due to backscattering from epithelial cell nuclei
can be readily distinguished. The residual spectrum can be
further analyzed to extract the size distribution of the nuclei,
their population density, and their relative refractive index.

II. THEORETICAL MODEL

Mie theory provides an exact analytical expression for the
scattering of a plane wave of wave numberby a sphere
of diameter and relative refractive index . For a plane
wave incident in direction , light scattered into direction

will have components that are polarized parallel and
perpendicular to the plane of scattering. The intensities

and of these respective components are related to the
corresponding intensities of the incident light as follows:

(1)

(2)

with the distance from the scatterer to the detector. The
scattering amplitudes and can be calculated numerically
using Mie theory [11]. They are functions of the scattering
angle , and are normalized such that integral

is equal to the total
elastic scattering cross section.

Now consider an experiment in which linearly polarized
incident light, intensity , is distributed over solid angle

and scattering is collected over solid angle . The
polarization, , of the incident light can be decomposed into
a component , in the scattering plane (i.e., the plane formed
by and , and a perpendicular component. By means
of analyzers, we detect two orthogonal components of the
scattered light intensity, having polarization and
having perpendicular polarization . The scattered intensity
components are then given by

(3a)

(3b)

with and . Here is a
unit vector along the polarization of the scattered light in the
plane of scattering.

If the incident light is completely collimated ,
light scattered directly backward will be polarized
parallel to the incident light polarization. In this case, we can
orient one of the analyzers parallel to the incident polarization
direction If the solid angles of the incident and
collected light are sufficiently small and approximately equal,
both and will be present. However, the analyzer can
still be positioned such that Thus, in this case the
collected light will still be highly polarized, and . For
this case the expression for the residual intensity, can
be simplified as

(4)

with
Consider a scattering medium such as mucosal tissue in

which a thin layer of large scatterers covers a highly
turbid underlying tissue. Each of these layers gives rise to a
different type of scattering. A small portion of the linearly
polarized incident light will be backscattered by the particles
in the upper layer. The rest of the signal diffuses into the
underlying tissue and is depolarized by multiple scattering.
This diffusive light, if not absorbed in the underlying tissue,
returns to the surface. Thus the emerging light has two
components, one from light back-scattered by particles of the
first layer and the other being diffusely reflected from the
second layer . has a high degree of linear polarization that
is parallel to the polarization of the incident light: .
As a result of multiple scattering in the second layer, diffusely
reflected light is mainly unpolarized, and . Therefore,
the residual intensity of the emerging light ,
is dominated by the contribution from the upper layer, and
is mainly free from both absorption and scattering from the
tissue below.

Expressions (3) or (4) relate to the scattering
amplitudes and , which are functions of , , and the
scattering wavelength . Therefore, the spectrum
of the residual intensity varies with the scatterer’s size and
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Fig. 1. Schematic diagram of polarization LSS system.

relative refractive index. These quantities can thus be extracted
by fitting the predictions of the Mie theory using (3) or (4) to
the residual intensity spectrum.

III. EXPERIMENTAL SETUP

To study the spectrum of polarized back-scattered light, we
employ an instrument that delivers collimated polarized light
on tissue and separates two orthogonal polarizations of back-
scattered light. In our system (Fig. 1), light from a broadband
source (250-W CW tungsten lamp) is collimated and then
refocused with a small solid angle onto the sample, using
lenses and an aperture. A broad-band polarizer linearly polar-
izes the incident beam. In order to avoid specular reflectance,
the incident beam is oriented at an angle of15 to the normal
to the surface of the sample. The sample is illuminated by a
circular spot of light of 2 mm in diameter. The reflected light is
collected in a narrow cone (0.015 rad), and two polarizations
are separated by means of a broad-band polarizing beam
splitter cube, which also serves as our analyzer. The output
from this analyzer is delivered through 200-m core diameter
optical fibers into two channels of a multichannel spectroscope
(quadruple spectroscope, Model SQ2000, Ocean Optics, Inc.).
This enables the spectra of both components to be measured
simultaneously in the range from 400 to 900 nm.

The beams are not perfectly collinear, and when they pass
through the polarizer and analyzer cubes this gives rise to a
small amount of distortion. Furthermore, the beamsplitter has
different reflectivities for and polarizations. A diffusely
reflective white surface was used as a standard to correct
for wavelength nonuniformity, and to calibrate the signals
in the two channels. and were each normalized
to the corresponding background spectra, and
taken with the white diffusing surface. This removed spectral
nonuniformities in the light source. Thus, the experiments
actually measured the normalized residual intensity

.

IV. RESULTS

Our first experiments employed a single-layer physical
model to simulate epithelium. The model consisted of poly-

Fig. 2. Residual signalh�Ii from a single layer model averaged over
450–750-nm wavelength range measured for various values of optical thick-
ness� . h�Ii is normalized to one when� ! 1.

styrene beads of diameters ranging from 0.5 to 10m to
simulate cellular organelles (Polyscience, Inc), embedded in
de-ionized water, glycol or glycerol. The thickness of these
layers was varied so that the optical thickness
with the scattering coefficient and the distance into the
tissue ranged from 0.1 to 5. (A photon propagating through
a medium with will undergo one scattering event on
average.) Large diameter polystyrene beads ( 4–10 m,
refractive index were used to simulate cell
nuclei. Since the relative refractive index of the beads in
water, is substantially higher
than that of cell nuclei relative to cytoplasm, which is in the
range [12], some experiments used glycol

and glycerol to decrease
the relative refractive index of the beads, and therefore better
approximate biological conditions.

We found that for is almost 100 times larger
than .This demonstrates that single scattering from large
spheroidal particles preserves polarization. As can be seen
from Fig. 2, for the residual signal increases with .
However, it saturates for values of . Because of the
decollimation of the incident beam, the number of photons
contributing to the residual signal decreases exponentially
with optical depth. More than 85% of all polarized photons
contributing to the residual signal are collected from an optical
of 1, and 98% are collected from an optical depth of depth
2. This indicates that provides spectroscopic information
about only the uppermost scatterers of a medium.

Our next experiments employed two-layer models. The
upper layer consisted of polystyrene beads embedded in water,
glycol or glycerol, as in the single layer experiments, with
1. The bottom layer was a gel containing mixtures of powdered
BaSO to provide scattering and human blood, the hemoglobin
of which provided absorption. This physical model simulated
human epithelial tissues. By adjusting the concentrations of
the BaSO and blood, the absorption and scattering properties
could be made similar to those of biological tissue, since
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(a) (b)

Fig. 3. Reflectance spectra of two-layer tissue model. The top layer consists of polystyrene beads in water,d = 4:65 �m; n = 1:19. (a) Parallel polarization,
(b) perpendicular polarization. Note the characteristic hemoglobin dips.

hemoglobin is known to be the major absorber in tissue
in the optical spectral range [13]. The reduced scattering
coefficient of the second layer varied in the range from 2.0
to 3.0 mm . The concentration of hemoglobin solution was
approximately 200 mg/dl so that the corresponding absorption
coefficient varied from 0.002 to 0.4 mm in the wavelength
region 450–780 nm.

Fig. 3 shows spectra of the and components of the
reflected light from a two-layer model. In this experiment
the top layer contained polystyrene beads with

m, embedded in glycol. The standard deviation of their
diameter, , was 0.03 m.1 The optical thickness of the upper
layer was 0.85. The bottom layer was optically thick,
and its scattering and absorption properties were comparable
to those of biological tissue [14]. As can be seen, strong
hemoglobin absorption features are present in bothand .
However, exhibits additional characteristic features due to
backscattering by the beads in the upper layer. The residual
spectrum, , is shown as the dashed line in Fig. 4(a). No
hemoglobin absorption features are present, and the diffusive
background from the lower layer is completely removed. The
ripple structure [15] characteristic of scattering from spheres
is now clearly apparent. The predictions of Mie theory for
scatterers with m, m, and

are in good agreement with experiment (solid line).
The residual spectra obtained in experiments with other bead
diameters (5.7, 8.9, and 9.5m), embedded in any of the
media used (water, glycol, and glycerol) had no measurable
diffusive background component, and also agreed with Mie
theory predictions. Fig. 4(b) shows theory and experiment for
the 9.5 m beads. The results for 8.9- and 5.7-m diameter
beads in glycerol and glycol are shown in Fig .4(c) and
(d), respectively. Again, there is good agreement between
experiment and theory. One can clearly see that the high
frequency ripple structure decreases as the relative refractive
index gets smaller. However, the low frequency oscillations

1The values of the standard deviation in diameters of the polystyrene
beads were obtained from the spectral transmission curves using a broad-band
source.

are still clearly seen. Small disagreements between theory and
experiment may have resulted from imperfect calibration of
the instrument for the wavelength dependence of the optical
elements used.

We then performed experiments with cell monolayers
(Fig. 5). As before, a thick layer of gel containing BaSOand
blood was placed underneath to simulate underlying tissue.
Three types of cells were prepared as described: isolated
normal intestinal epithelial cells [16], intestinal epithelial
T84 intestinal malignant cell line [17], and Chinese hamster
ovary (CHO) fibroblasts [18]. The setup was similar to the
experiments with beads. The cell nuclei however, had relative
refractive indexes smaller then those of beads, as well as
larger size distributions, which almost completely eliminates
the ripple structure. The predictions of Mie theory were fit to
the observed residual spectra. The fitting procedure used three
parameters, average size of the nucleus, standard deviation in
size (a Gaussian size distribution was assumed), and relative
refractive index.

For normal intestinal epithelial cells, the best fit was ob-
tained using m, m, and
[Fig. 6(a)]. For CHO fibroblasts, we obtained m,

m, and (data not shown). For
T84 intestinal malignant cells the corresponding values were

m, m, and [Fig 6(b)].
In order to check these results, the distribution of the

average size of the cell nuclei was measured by morphom-
etry on identical cell preparations that were processed in
parallel for light microscopy (Fig. 5). The nuclear sizes and
their standard deviations were found to be in very good
agreement with the parameters extracted from Mie theory.
A histogram showing the size distributions obtained for the
normal intestinal epithelial cells and T84 cells are shown in
Fig. 7. The accuracy of the average size is estimated to be
0.1 m, and the accuracy in n as 0.001. Note the larger
value of n obtained for T84 intestinal malignant cells, which
is in agreement with the hyperchromaticity of cancer cell
nuclei observed in conventional histopathology of stained
tissue sections.
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(a) (b)

(a) (b)

Fig. 4. Spectra of polarized (residual) component of backscattered light from two-layered tissue model. Top layer: (a)d = 4:65-�m beads in water,n = 1:19;
(b) d = 9:5-�m beads in water(n = 1:19); (c) d = 8:9-�m beads in glycol(n = 1:07); (d) d = 5:7-�m beads in glycerol(n = 1:09). The data (dashed
lines) are in good agreement with Mie calculations (solid lines). Absorption features of hemoglobin are completely removed.

We performed studies withex vivonormal and tumorous hu-
man colon tissue samples obtained immediately after surgical
resection. Fig. 8 shows the residual spectra. As can be seen,
the spectral features are similar to the corresponding spectra
obtained in the experiments with the normal colon cell and
T84 colon tumor cell monolayers (Fig. 6). Fig. 9 shows the
size distributions obtained for the normal and the cancerous
tissues by fitting the Mie theory to the data. For the normal
tissue, the best fit was obtained using m,

m, and . For the tumorous tissue the corresponding
values were m, m, and .
The analysis clearly differentiates the normal and tumourous
tissues. The relative increase in the nuclear refractive index
from normal to cancerous tissue is also consistent with those
of the cell monolayers.

V. DISCUSSION

The experiments reported here show that polarization LSS
is capable of extracting morphological information from living
cells in the presence of the large background from underlying
tissue. The size distributions for monolayers were compared to
light microscopy and found to be in good agreement with all
three cell lines studied. The accuracy of the values extracted
for both size and standard deviation was approximately 0.1

m, which makes the method useful in differentiating cell
nuclei of different cell types, including cancerous and non-
cancerous cells of the same organ. The ability to detect nuclear
enlargement and changes in refractive index, which can be
related to the amount of DNA and protein in the nucleus, has
potentially valuable clinical applications.
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Fig. 5. Microphotograph of the isolated normal intestinal epithelial cells
(panel A) and intestinal malignant cell line T84 (Panel B). Note the uniform
nuclear size distribution of the normal epithelial cell (A) in contrast to the T84
malignant cell line which at the same magnification shows a larger nuclei and
more variation in nuclear size (B). Solid bars equals 20�m in each panel.

Because the relative refractive index of cell organelles is
small and the epithelial layer is thin, the signal from the
cellular layer is weak compared to the background from
the underlying tissue. Extracting signatures of the cellular
structures thus requires finding a small signal in a large
background. However, as seen in Fig. 4, the residual spec-
trum, obtained by subtracting the parallel and perpendicular
components of the reflectance from polarized incident light,
effectively removes both the diffuse background and spectral
distortions due to absorption. This should be contrasted with
our earlier approach in which reflectance from unpolarized
incident light was studied, and a model based on diffusion
theory was then used to remove the effects due to hemoglobin
absorption and scattering from the underlying tissue [3]. The
resulting signal could then be analyzed to extract information
about the structures in the epithelial tissue layer.

The new approach is not constrained by the limitations of a
model, other than the assumption that the light backscattered
by the cells in the epithelial layer retains the polarization
of the incident light. Multiple scattering events randomize
the polarization, enabling removal of the background simply
by subtracting the two orthogonal polarization components.
Generally, the signals seen in the monolayers have a very
pronounced polarization content, of the order of 1%–10%,
depending on the relative refractive index and the size of the
particles.

As seen in Fig. 6, Mie theory can be used to accurately
describe the residual spectra of the epithelial cell layer. Fur-
thermore, Fig. 7 establishes that the resulting morphological
information is in good agreement with the directly measured
distributions. This shows that Mie theory provides an adequate
method for extracting information about cell nuclei. Mie theory
was used to analyze the backscattered signal by varying the

(a)

(b)

Fig. 6. Spectrum of polarized component of backscattered light from (a)
normal intestinal cells, (b) T84 intestinal malignant cells. A monolayer of
cells was placed on top a gel containing hemoglobin and barium sulfate.
Dashed line: experimental data. Solid line: Mie theory fit. See text for details.

Fig. 7. Nuclear size distributions for T84 intestinal malignant cells and
normal intestinal cells. In each case, the solid line is the distribution extracted
from the data and the dashed line is the distribution measured using light
microscopy.

average nuclear size, the standard deviation in size , and
the relative refractive index. We found that good agreement
could be achieved only for a single set of parameters. Inter-
estingly, in the rigorous Mie theory, the dependence onand

does not always enter as the product . Thus, the
residual experimental spectra contain sufficient information to
extract and independently.

As pointed out in [2] and [3], elastic scattering by cells is
due to a variety of cellular organelles, including mitochondria,
a variety of endosomes and other cytoplasmic vesicles, nucle-
oli, and nuclei. The smaller organelles are responsible for large
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(a)

(b)

Fig. 8. Spectrum of polarized component of backscattered light from (a)
normal human colon tissue and (b) tumorous colon tissue. Dashed line:
Experimental data. Solid line: Mie theory fit.

Fig. 9. Nuclear size distributions extracted from the data measured from the
normal and tumorous colon tissues.

angle scattering, whereas the nucleus contributes to scattering
at small angles. Our experiments confirm that the variation in
backscattering as a function of wavelength is mainly associated
with scattering by nuclei, as well. By changing the angle of
collection, it may be possible to study the structure of other
cellular organelles.

This new method of extracting information about cellular
structure can be compared with existing methods such as
flow cytometry, morphometry, ploidy analysis and confocal
microscopy [19]–[21]. Except for confocal microscopy, these
other techniques are essentiallyin vitro and necessitate tissue
removal. In flow cytometry, cells suspended in a fluid are
ejected from a nozzle and made to flow, and are then sorted us-
ing laser light according to size and shape, using angular light
scattering properties or fluorescence from attached flurophores.
Histology and morphometry require tissue removal, process-
ing, and microscopic examination to reveal morphological

characteristics. Whereas LSS provides average information
over a population of typically 1000–10 000 cells, microscopy
studies a limited number of individual cells, which provides
valuable information. However, processing information about
individual cells is time consuming, especially if it is desired
to sample a large surface area and search for structural abnor-
malities. Confocal microscopy has not reached the resolution
needed to estimate the size of small cellular structures.

Polarized LSS can be implementedin situ without the need
for tissue preparation or removal. Fitting the data to Mie theory
gives an accurate quantitative estimate of the size distributions
of cell nuclei. Moreover, it provides additional information
about relative refractive index of cell organelles, which is
very difficult to obtain using existing methods, and which can
be valuable inasmuch as the refractive index of the nucleus
is related to the concentration of nucleic acids, an important
neoplastic indicator.

VI. CONCLUSION

The results reported here indicate the potential and promise
of polarization LSS for clinical studies. Based on the initial
studies reported here, a polarized LSS instrument is being de-
veloped for clinical use in which light delivery and collection
is accomplished by means of optical fibers. The fiber probe
can be inserted in the endoscope biopsy channel or any similar
device, depending on the type of the procedure and the organ
under study. Polarizer and analyzer can be placed at the tip
of the probe in front of the delivery and collection fibers.
This instrument will be used during endoscopic or similar
procedures to detect precancerous changes in vivo in real time.
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