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Abstract. The finite-difference time-domain (FDTD) method provides
a flexible approach to studying the scattering that arises from arbi-
trarily inhomogeneous structures. We implemented a three-
dimensional FDTD program code to model light scattering from bio-
logical cells. The perfectly matched layer (PML) boundary condition
has been used to terminate the FDTD computational grid. We inves-
tigated differences in angle-dependent scattering properties of normal
and dysplastic cervical cells. Specifically, the scattering patterns and
phase functions have been computed for normal and dysplastic cer-
vical cells at three different epithelial depths, namely, basal/parabasal,
intermediate, and superficial. Construction of cervical cells within the
FDTD computational grid is based on morphological and chromatin
texture features obtained from quantitative histopathology. The results

Houston, Texas 77030 show that angle-dependent scattering characteristics are different not

only for normal and dysplastic cells but also for cells at different epi-
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Biomedical Engineering Center cantly greater for dysplastic cells. The scattering cross-sections of cells
Box 0193 at different depths indicate that scattering decreases in going from the
Houston, Texas 77030 superficial layer to the intermediate layer, but then increases in the
basal/parabasal layer. This trend for epithelial cell scattering has also

been observed in confocal images of ex vivo cervical tissue. © 2003
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1 Introduction 1(a)] and the other as a highly dysplastic epithelififig.

Optical diagnostic techniques based on detection of reflected1(0)]- The figure shows that the density of nuclei is greater in
light have the potential to improve noninvasive detection of the case of dysplasia, where large pleomorphic nuclei occupy
changes associated with dysplasia. These techniques includéhe whole epithelium. The superficial, intermediate, and basal/
confocal microscopy, optical coherence tomograg®T), parabasal layers describing different regions of the epithelium
and other scattering-based spectroscopic approaches. It hagre also indicated in the figure. Note that for both the normal
been demonstrated that confocal microscopy and OCT canand the dysplastic epithelium, each epithelial depth displays
differentiate between normal and dysplastic epithelium in different characteristics, with the superficial nuclei being
many different organ sites, including the skifesophagus, smaller and more condensed and the basal nuclei larger and
intestine? and cervix>® Light scattering spectroscofy.SS) rounder.
and polarized reflectance spectroscopy are sensitive to cellular  Pathologists have traditionally used atypical nuclear fea-
and nuclear morphology and are emerging as promising toolstures in the epithelium as one of the major diagnostic criteria
for the detection of preinvasive cancet! for dysplasia. DNA ploidy has also been suggested to be a
Changes in the nuclei of the epithelial cells are the most gjgnificant prognostic factor for assessing disease status and
important indicators of dysplasia._These changes inc_Iude in- predicting treatment outcomé&:® The optical diagnostic
creased nuclear size, asymmetric nuclear shape, increasegcpniques described above have the potential to be used for
DNA cor_1tent, an_d hggerchmmaga with coarse and |rregu_lar determining the structure of epithelial cells without the need
chromatin clumping?*3To illustrate nuclear changes associ- for a biopsy. They can noninvasively provide quantitative in-

ated with dysplasia, Figure 1 shows two different cervical .
. . o . . formation about nuclear features that can be used for early
biopsy images, one classified as a normal epithelféig. . . . . :
clinical diagnosis of preinvasive cancerous changes.
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Light scattering from normal and dysplastic cervical cells . . .

chondria, inhomogeneities in the nucleus play an important
role in determining high-angle scattering characteristics,
while the nuclear size is important in forward scattefifig.

The FDTD method has also been used to investigate how the
light-scattering properties of cervical cells are affected by the
changes in nuclear morphology, DNA content, and chromatin
texture that occur during neoplastic progresgibhhe results
indicate that cellular scattering properties are sensitive to the
DNA content of nuclei and chromatin texture in addition to
nuclear size.

A significant drawback of the FDTD implementation em-
ployed in previous work is the presence of artificial reflections
caused by the boundary conditions used to truncate the com-
putational domain around the scattering structure. These arti-
ficial reflections resulting from the instability of the boundary
conditions limit the accuracy of results, mainly for scattering
angles close to 180 deg, where the scattered intensity is orders
of magnitude smaller than the intensity of forward-scattered
light and is thus more sensitive to numerical artifacts. Artifi-
cial reflections are evident in the results presented
previously'®192223and this generally leads to overprediction
of high-angle scattering.

This drawback is a crucial disadvantage since most of the
optical diagnostic techniques under development mainly de-
pend on the measurement of backscattered light. An under-
standing of the high-angle scattering properties of biological
cells is essential in interpreting images obtained with confocal
microscopy and OCT. Extraction of morphological informa-
tion using the spectroscopic techniques described earlier also

The extraction of quantitative morphological information . o . .
. . . . necessitates a quantitative understanding of high-angle scat-
from signals obtained in LSS or polarized reflectance spec-, . . . . .
tering. Moreover, differences in the scattering properties of

troscopy has so far been achieved using models based on Mie . .
theory for homogeneous spherical scattefel® Although dysplastic cells relative to. normal cell§ are expected to be
these studies have yielded promising results using theoretical®Nhanced for backscattering geometries since most of the
formalism based on Mie scattering, which approximates the changes associated with dysplasia potentially modulate high-
cells and their nuclei as homogeneous spherical objects, thereangle scattering. For example, high-angle scattering has been
is currently no experimental evidence for the validity of using Shown to be sensitive to DNA contefit.

Mie theory to model light scattering from cells. Biological A possible method for overcoming the problem of artificial
cells are complex inhomogeneous structures that cannot bereflections within the framework of FDTD modeling is to use
adequately described as simple Mie scatterers. Their nuclearthe perfectly matched layefPML) boundary condition to
features and organelles are likely to contribute to scattering truncate the computational domain. The PML boundary con-
from cells. In fact, cellular scattering measurements demon- dition creates a fictitious absorbing layer adjacent to the com-
strate that the scatterer sizes in biological cells range from 0.4 putational domain. Plane waves of arbitrary incidence, polar-
to 2.0 um.'” These sizes indicate that scattering arises not jzation, and frequency are matched at the PML boundary; thus
only from nuclei but also from structures within the nuclei  artificial reflections are suppress&d® This boundary condi-
and possibly from cytoplasmic organelles. Therefore, estab-tjon can increase the dynamic range of FDTD modeling to
lishing a better understanding of light scattering at the cellular greater than 80 dB and it can be used to minimize artificial

level requires more detailed moc}elmg that can incorporate reflections sufficiently to enable the study of high-angle scat-
complicated morphology and the internal structure character- tering
istic of cells. L . .

In this paper we present a new implementation of the

The finite-difference time-domai(FDTD) method has re- .
cently provided a flexible approach to studying the scattering FDTD algprlthm th".ﬂ uses the perfectly matched layer bound-
ary condition. The implemented code has been used to model

that arises from inhomogeneous cells of arbitrary sH&pe. _ : _
This method provides a full-vector, three-dimensional solu- Scattering from normal and dysplastic cervical cells at three
tion of Maxwell’'s equations, and it allows complex objects of different epithelial depths, namely, basal/parabasal, intermedi-
any dielectric structure to be modeled and the scattering phasedte, and superficial. The construction of realistic cell geom-
functions to be computed. FDTD modeling has offered impor- €tries is a crucial part of modeling. In this work, we use mor-

tant insights into the relationship between cellular morphol- phological features and chromatin texture information

ogy and light scattering. The results show that for amelanotic obtained from quantitative histopathology to create realistic
epithelial cells, which have a low volume fraction of mito- cell models within the FDTD grid.

basal/parabasal layer

superficial layer
intermediate layer

basal/parabasal layer

Fig. 1 (a) Normal and (b) highly dysplastic cervical biopsy images
showing the basal/parabasal, intermediate, and superficial epithelial
layers. The biopsies are stained with Feulgen-thionin, which is sto-
ichiometric for DNA.
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2 Methods
2.1 Finite-Difference Time-Domain Method

The FDTD method, initially developed by Yee, is one of the
most popular numerical methods for the solution of problems
in electromagnetics. For a detailed description of the theory
and implementation of the FDTD method, the reader is re-
ferred to books by Taflové&:?® Briefly, a scattering object is
constructed in an FDTD grid by specifying the dielectric
properties of each grid cell belonging to the object. The Yee
algorithn?*~2¢is then used to calculate the scattered electric
and magnetic fields around the scattering object. This algo-
rithm takes Maxwell's curl equations and discretizes them in
space and time, resulting in a set of six explicit finite-
difference equations, one for each electric or magnetic field
component. The finite-difference equations produce the time-
domain near-field scattered electric and magnetic field com-
ponents. To compute the far-field values, the time-domain tan-
gential field components on a surfacg enclosing the
scattering object are first converted to frequency-domain val-
ues using discrete Fourier transfofDFT). The next step is

to define equivalent electric and magnetic surface current den-
sities onS using Huygen’s equivalence principle. Once the
spatial Fourier transforms of these current densities are ob-
tained via surface integration ov8rthe electric and magnetic
far-field components can be calculafédlhe scattering pat-

terns and the scattering cross-section values can then be com

puted using the far-field valués?®

To simulate propagation in an unbounded medium, special
boundary conditions must be applied to prevent artificial re-
flections at the edges of the computational domain. Many ab-
sorbing boundary condition6ABCs) have been developed
since the introduction of the FDTD method. Differential-
equation-based ABCs allow a solution that permits only out-
going waves and include those formulated by Engquist and
Majda, Mur, and Liad® The boundary condition proposed by
Berenger in 1994° called the perfectly matched layer bound-

metric for DNA % therefore these images provide informa-

tion about nuclear morphology, DNA content, and chromatin
organization, and highlight the differences between normal
and dysplastic cervical cell nuclei.

The quantitative images used in this paper were provided
by the British Columbia Cancer Agen€yancouver, Canada
The clinical study was conducted at the University of Texas
M. D. Anderson Cancer Center in Houston. Each patient in-
volved in the study underwent colposcopy. Four adjacent tis-
sue sections were sliced from each biopsy taken during the
colposcopic examination. Three of the tissue sections were
stained with hematoxylin and eosiH&E) and used for clini-
cal diagnosis. A group of pathologists classified the sections
as either normal, human papilloma vir(ldPV), or cervical
intraepithelial neoplasiéCIN). The CIN sections were further
subclassified as CIN @mild dysplasia, CIN 2 (moderate dys-
plasia, or CIN 3 (severe dysplasia or squamous carcindma
situ). The remaining fourth tissue section was stained with
Feulgen-thionin and used for quantitative histopathologic
analysis at the British Columbia Cancer Agency. A pathologist
mapped the diagnostic area on the Feulgen-thionin-stained tis-
sue section, indicating the region containing the cells with the
worst diagnosis. An in-house semiautomatic image analysis
system (Department of Cancer Imaging, British Columbia
Cancer Agencywas then used to acquire an image of the
section. A special image analysis software automatically car-
ried out the process of nuclear segmentation and the calcula-
tion of nuclear feature statistics. All the nuclei imaged were
also categorized into four different epithelial depths, namely,
basal, parabasal, intermediate, and superficial. This classifica-
tion was based on the location of a specific nucleus relative to
the entire thickness of the epithelium and also on the cell
examination.

In this paper we only consider normal and CIN 3 nuclei.
The quantitative histopathologic analysis included five normal
biopsies taken from four different patients, and sixteen CIN 3
biopsies taken from sixteen different patients. The total num-

ary _condition, SUPpresses artificial reflections _by creating_ @ ber of normal nuclei imaged was 562, and the total number of
fictitious absorbing layer around the computational domain. CIN 3 nuclei imaged was 1069. For the calculation of nuclear

The PML b_o_un_d{iry co_n_d_ltlon demonstrates better perfor- feature statistics, we combined nuclei from basal and para-
mance in minimizing artificial reflections and thus provides a basal layers in a single category, since it was usually very

H 530+ ;
great_er dynamic range than other Ag@& It is C”"e"“Y_ difficult to distinguish between the two, especially in the case
considered to be one of the most efficient boundary conditions of severe dysplasia

and it has been selected for the simulations described in this Figure 2 shows a subset of the nuclear images provided
paper. An extensive description of the theoretical formulation Each pixel corresponds to an area of 0;8#x0.34 um. The '

?nd (ijmplgmekntaé)tion gf \II?S%SPM(;‘ boundat:y condition fgg be figure shows the differences between nuclei in different layers
ound in books by Taflo and papers by Berengéf’ and demonstrates most of the features characteristic of CIN 3.

The FDTD cpde used for .the simulations p'resented here- It is important to consider nuclei in different layers separately
fafter has_been_lmplemented in G¥G-. The details concern-  sjnce there are differences in their size and chromatin struc-
ing the simulation parameters and the method by which the .o “Normal basal/parabasal and intermediate cell nuclei are
PML h_as been set up arou_nd th? scattering structure can beusually large, with distinct chromatin network, while superfi-
found in a recent work Al S|mglat|ons were performed on a  cial cell nuclei are small and pyknoté.This is also evident
1.4-GHz personal computer with 2 Gb of RAM. The approxi- in Fig. 2, where the nucleus in Fig(Q is smaller than the

mate time required for each simulation was 3 to 4 h. nuclei in Figs. 2a) and 2b), and the image appears darker,
indicating a denser internal composition.

As Fig. 2 demonstrates, CIN 3 nuclei are significantly
To use FDTD modeling to study the scattering characteristics larger than normal nuclei. Normal nuclei appear rounder,
of normal and dysplastic cells, the nuclear changes associatedvhereas CIN 3 nuclei are asymmetric and appear darker. The
with dysplasia must first be quantified. This can be achieved relative changes in intensity are attributed to the differences in
by analyzing quantitative images of Feulgen-thionin-stained DNA content; regions with higher DNA content appear darker
cervical cell nuclei. The Feulgen-thionin stain is stoichio- on images. The nuclei in Figs(d® to 2(f) also show coarse

2.2 Quantitative Histopathology
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(2) normal, basal/parabasal (d) CIN 3, basal/parabasal The DNA content and chromatin texture statistics have
- been calculated by analyzing a subset of nuclear images pro-
vided. The total number of nuclei analyzed in each diagnostic
category was sixty. To extrapolate the average pixel intensity
in an image to the mean refractive indexa conversion fac-

tor was required. As a starting point, it was first assumed that
the mean refractive index of a normal nucleus was $'39,

SEEEEECE:. . oaaddd and that of a CIN 3 nucleus was 1.2%202123ndependent of

) ) ) ) the layer. This assumption provided a scale factor to find a
(hjpmuotiial, Mtermisdiate (FYCIN 3, intermediate relation between a change in pixel intensity and the corre-
sponding change in the absolute refractive index. The natural
logarithm of the pixel intensity averaged over all the normal
nuclei images was assumed to be proportional to 1.39, and the
natural logarithm of the pixel intensity averaged over all the
CIN 3 nuclei images was assumed to be proportional to 1.42.
Then, by calculating the average pixel intensity for nuclei in
different layers, a unique refractive index value was assigned
to nuclei in each layer. The magnitude of refractive index
fluctuations,An, was calculated by observing the intensity
variations over images.

H To find the size of the largest chromatin clumps, and thus
sl the minimum spatial frequency of refractive index fluctua-
tions characterizing each nucleus, a two-dimensional fast Fou-
rier transform(FFT) was performed on each image and the
resulting spatial frequency components dominating the spec-
trum were analyzed.
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2.3 Cell Construction in FDTD Modeling

Fig. 2 Quantitative images for (a) normal, basal/parabasal; (b) normal,

intermediate; (c) normal, superficial; (d) CIN 3, basal/parabasal; (e) Cervical epithelial cells have a low fraction of mitochondria,
CIN 3, intermediate; and (f) CIN 3, superficial, nuclei. Each pixel and the main contribution to cellular scattering comes from
shown is 0.34 umx0.34 um. the nucleus:®*° Therefore, the FDTD simulations described

will model the cervical cells as heterogeneous nuclei embed-

ded in homogeneous cytoplasm. This approach also has the
chromatin clumping and condensation, while the nuclei in advantage of isolating the effects of nuclear morphology and
Fig_s. 4a) to 2(c) have a more homogeneous chromatin distri- chromatin organization on light scattering.
bution. o ) ) The results from quantitative histopathology provided all

The nuclear feature statistics that will be used in FDTD the parameters related to nuclear morphology and dielectric

modeling can be divided into two different groups. The first properties necessary to construct a heterogeneous nucleus in
group is related to nuclear morphology and includes informa- an EDTD grid. First, an ellipsoid nucleus was created and
tion about nuclear size and shape. The second group providesyery point inside the ellipsoid was assigned a constant re-
statistics about DNA content, chromatin organization, and fractive index value. The dimensions were based on the mean
chromatin texture that collectively describe the dielectric radius, maximum radius, and the eccentricity. To create the

properties of the nuclei. refractive index variations inside the nucleus, small cubes
with refractive indices in the range* An were placed ran-
2.2.1  Nuclear morphology statistics domly throughout the ellipsoid. The purpose of using cubes as

The features that are used to describe nuclear morphologyopposed to other three-dimensional structures was to simplify
include nuclear area, mean radius, maximum radius, and ec-the algorithm for placing nonoverlapping heterogeneities
centricity. Nuclear morphology features for each nucleus have Within the FDTD grid. The size of the cubes was selected

been calculated by the in-house image analysis system. randomly from an interval. The lower size limit was 0.3,
which corresponded to the resolution of the nuclear images

provided. The upper limit on the cube size was given by the
size of the largest chromatin clump present.

2.2.2  DNA content and chromatin texture statistics

Feulgen-thionin is stoichiometric for DNA. Therefore, the
DNA content, and thus the average refractive index of a
nucleus, can be assumed to be directly related to the average ) )

pixel intensity in an image. Chromatin texture can be de- 24 FDTD Simulation Parameters

scribed in terms of the magnitude of refractive index fluctua- The FDTD simulations for cervical cell nuclei were per-
tions that correspond to the variations in pixel intensity, and formed at a wavelength of=1064 nm. This wavelength was
the spatial frequency of refractive index fluctuations that cor- chosen so that the results would be applicable to imaging
responds to the size of chromatin clumps present. technigues such as confocal microscopy and OCT. The refrac-
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Fig. 3 Comparison of PML results with Mie theory and Liao extrapolation. (a) to (b) Spheres with 5 um diameter. (c) to (d) Spheres with 10 um
diameter. The scattering patterns are normalized to the scattered intensity at O deg. The PML results in (b) and (d) demonstrate excellent agreement
with Mie theory.

tive index of the cytoplasm was set to 13623-%and the plane wave with a wavelength af=1 um. The spheres have
FDTD grid spacing used was 1/20 of the wavelength inside a refractive index of 1.02 relative to the outside medium, and
the cytoplasm._ _ _ _ _ the diameters are 5 and 10n. These parameters were spe-
A total of eighteen simulations were carried out. Nine of cifically chosen to create an approximate model for the bio-
these simulations were for normal nuclei and the other nine |ggjcally relevant case with a nucleus embedded in cytoplasm.
were for CIN 3 nuclei. The nuclear parameters were chosen sothe FDTD grid spacing used in these simulations We29.
that for each diagnostic category there were three basal/rigre 3 also shows the scattering patterns obtained using a
pa_rabasal huclei S|mulat_|o_ns, threc_e |_nterm(_ed|ate nuclei SIMU~ K oundary condition based on the Liao extrapolation, for a grid
lations, and three superficial nuclei simulations. For each dif- spacing of\/20. The scattering patterns shown were first av-

feren'_[ S|mu_lat|on representing these six different categories, eraged over the azimuthal angle so that they were functions of
the simulation parameters were randomly selected from the . .
the scattering angle only. All results are normalized to the

acceptable ranges calculated through quantitative histopatho- . . :
Iogicpanalysis g gha P scattered intensity at O deg, and the angular resolution for the

scattering angle is 1 deg.
Figures 3a) and 3c) show that the results obtained with

3 Results Liao extrapolation do not agree with Mie theory for angles
3.1 \Verification of the FDTD Code greater than 160 deg. The FDTD results with Liao extrapola-
To verify the implemented FDTD code, we computed the far- tion overestimate scattering at high angles, and the discrep-
field scattering patterns of homogeneous spheres and com-ancy can be up to three orders of magnitude, as shown in Fig.
pared the results with Mie theory. Figure 3 shows the scatter- 3(c). The scattering patterns obtained with PML, on the other
ing patterns of two homogeneous spheres for an incident hand, demonstrate excellent agreement with Mie theory at all
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Table 1 Nuclear morphology statistics for normal and CIN 3 nuclei.

Number of Maximum
Nuclei Nuclear Area Mean Radius Radius

Layer Analyzed (um?) (um) (um) Eccentricity
Normal

Basal/parabasal 326 36.36+12.60 3.24x0.61 4.02+0.80 1.46=0.34
Intermediate 203 40.06+ 7.59 3.43=0.34 4.24+0.48 1.42x0.25
Superficial 33 25.80+ 5.37 2.80=0.28 3.97x0.60  2.07+0.70
CIN 3

Basal/parabasal 569 51.74+22.47 3.94=2.60 5.41+1.33 1.88x0.63
Intermediate 416 56.88+20.32 4.10+2.14 5.26+1.03 1.54x0.37
Superficial 84 43.90+16.19 3.70=2.19 5.38+1.34  2.13+0.68

angles for both of the spheres. The PML results are superior tosponds to the extreme intensity variations in a specific layer.
results obtained with Liao extrapolation, showing that the Table 2 demonstrates thatincreases for CIN 3 nuclei, indi-
PML boundary condition is more effective in reducing artifi- cating elevated DNA content. The refractive index fluctua-
cial reflections to negligible levels. The maximum deviation tions An are also higher, corresponding to increased hetero-
from Mie theory for angles greater than 160 deg occurs at 180 geneity. Larger chromatin clumps associated with CIN 3 are
deg for the 10am sphere, and this deviation is about 25%. also evidenced in Table 2.

3.2 Quantitative Histopathology Results

Table 1 shows the average and the standard deviation of pa3-3 FDTD Simulation Results

rameters that describe nuclear morphology. As Table 1 shows,

nuclear area, mean radius, maximum radius, and eccentricity )

all increase with dysplasia. In most cases, the relative stan-3-3-1 Scattering patterns

dard deviation values of CIN 3 parameters are greater, indi- Figure 4 shows the scattering patterns obtained from the

cating nuclear pleomorphism, a well-known characteristic of basal/parabasal nuclei simulatidfég. 4(a)], the intermediate

dysplasia. nuclei simulationgFig. 4(b)], and the superficial nuclei simu-
Table 2 shows the computed averages for the mean refrac-ations[Fig. 4(c)]. All of the scattering patterns were averaged

tive indexn, the largest chromatin clump size, and the corre- over the azimuthal angle so that they were functions of the

sponding minimum spatial frequency. The range given for the scattering angle only. The light-colored curves in Fig. 4 rep-

magnitude of the refractive index fluctuation&n, corre- resent the results for the normal nuclei, and the darker curves

Table 2 Dielectric properties of normal and CIN 3 nuclei.

Largest Minimum
Number of Chromatin Spatial
Nuclei Clump Size Frequency
Layer Analyzed n An (m) (™)
Normal
Basal/parabasal 20 1.387 +(0.004-0.007) 1.02 0.98
Intermediate 20 1.372 +(0.004-0.006) 0.85 1.18
Superficial 20 1.414 +(0.005-0.008) 0.85 1.18
CIN 3
Basal/parabasal 20 1.426 +(0.008-0.010) 1.36 0.74
Intermediate 20 1.404 +(0.007-0.009) 1.02 0.98
Superficial 20 1.431 +(0.008-0.011) 1.19 0.84
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(c) superficial nuclei
Fig. 4 Scattering patterns of (a) basal/parabasal, (b) intermediate, and

(c) superficial nuclei. Three simulation results are shown for each di-
agnostic category.
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Fig. 5 Averaged scattering patterns.

represent the results for the CIN 3 nuclei. The angular reso-
lution for the scattering angle is 1 deg, and the scattered in-
tensity is given in arbitrary units.

Figure 4 shows that for basal/parabasal and superficial cell
nuclei, the intensity of scattered light is higher for CIN 3
nuclei for all scattering angles. For intermediate cell nuclei,
however, the intensity is higher for CIN 3 nuclei for up to
about 175 deg, but for angles very close to 180 deg, the in-
tensity of light scattered from normal nuclei is usually higher.
The figure also demonstrates that the variation in the scatter-
ing patterns of nuclei belonging to the same diagnostic cat-
egory is generally greater for normal nuclei, although the
standard deviations in the simulation parameters are greater
for CIN 3 nuclei. This can be attributed to the fact that CIN 3
nuclei are larger in size, have higher refractive indices, and
are more heterogeneous. Therefore, the intensity maxima and
minima in their scattering patterns are not very pronounced,
resulting in relatively less varied intensity distributions.

Figure 5 shows the scattering patterns averaged over three
different simulation results. The most significant differences
between normal and CIN 3 nuclei are for the intermediate
layer, whereas the superficial layer has the smallest differ-
ences in intensity.

3.3.2 Scattering phase functions

A scattering phase function is obtained by normalizing the
scattering pattern so that its integral over the solid angle
equals 1. Figure 6 shows the phase functions corresponding to
the scattering patterns in Fig. 5.

As Fig. 6 demonstrates, the overall shapes of the phase
functions are very similar for small angles, but differences
start to appear after about 120 deg. This is especially true for
the intermediate and superficial cell nuclei. For angles greater
than 120 deg, scattering from a normal intermediate nucleus is
more probable than scattering from a CIN 3 intermediate
nucleus. For angles greater than 150 deg, the scattering prob-
ability for a CIN 3 superficial nucleus exceeds the scattering
probability for a normal CIN 3 nucleus.

3.3.3 Calculation of scattering cross-sections

The scattering cross-sections have been calculated for all the
nuclei simulated. Figure 7 shows the computed averages of
the scattering cross-section values for normal and CIN 3 nu-
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Fig. 6 Phase functions.

clei in basal/parabasal, intermediate, and superficial layers.elevation is about an order of magnitude for the basal/
The scattering cross-sections are significantly greater for CIN parabasal and intermediate layers, whereas it is relatively
3 nuclei. For both diagnostic categories, intermediate nuclei smaller for the superficial layer.

have the smallest cross-section.

4 Discussion

3.3.4  Integration of scattering patterns over high Results from FDTD simulations show that there are signifi-

angles cant differences in the scattering properties of normal and
To assess the differences in scattered light collected in optical CIN 3 cervical cell nuclei. The results also validate the im-

imaging techniques, such as in confocal microscopy, the scat-portance of treating cell nuclei at different epithelial depths

tering patterns can be integrated over high angles to estimateseparately since scattering properties vary from layer to layer,
the overall changes in collected light intensity. Assuming a especially in normal epithelium.

numerical aperture of about 0.8 for the collection optics, the  In this work, quantitative histopathology proved to be a

region of interest in the scattering patterns of Fig. 4 is the suitable way to define nuclear morphology and dielectric
angular range 140 to 180 deg. Figure 8 compares the scatterstructure specific to each different epithelial layer, and also to
ing intensities integrated over this range. The elevation of

integrated intensity for CIN 3 nuclei is evident in Fig. 8. This
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Fig. 7 Scattering cross-sections for normal and CIN 3 nuclei in basal/ Fig. 8 Integrated scattering patterns over the angular range 140 to 180
parabasal, intermediate, and superficial layers. deg.
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Fig. 9 Confocal images of (a) basal/parabasal, (b) intermediate, and (c)
superficial layers of a normal cervical epithelium. The arrows point to
nuclei.

quantify dysplastic changes in nuclei. This provided realistic
input for FDTD modeling. It is important to note, however,

that the calculation of refractive index values presented in
Table 2 did not consider any possible effect of acetic acid
applied to the cervical tissue before biopsy removal. Acetic

acid can alter the refractive index profile of nuclei, and assess-

ment of its effect is a current research topic.
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Fig. 10 Comparison of the gray-scale values from confocal images of
normal cervical tissue and the integrated scattering intensities from
Fig. 8.

Figure 5 shows that basal/parabasal and superficial nuclei fol-
low this trend. Intermediate nuclei also follow this trend up to
about 175 deg, but the backscattered light intensity for CIN 3
nuclei drops to below that of normal nuclei. A possible reason
for this behavior is that the mean refractive index for normal
intermediate nuclei is very close to that of cytoplasm, as
shown in Table 2. Therefore, any heterogeneities introduced
into the nucleus can lead to a dramatic increase in backscat-
tered light. This is also evident in Fig. 5, which shows that the
averaged scattering pattern for normal intermediate nuclei has
the most prominent peak at 180 deg.

The phase functions in Fig. 6 indicate that the greatest
differences in the scattering probabilities of normal and CIN 3
nuclei tend to occur for high angles. Since high-angle scatter-
ing from nuclei is expected to be more sensitive to internal
structure rather than the overall size and the mean refractive
index, the enhancement of differences for high-angle scatter-
ing probabilities is a significant result in terms of the possi-
bility of probing the chromatin texture and organization of
nuclei in different diagnostic categories.

Figure 7 shows that the nuclei in the intermediate layer
have the smallest scattering cross-section and that basal/
parabasal layer cross-section is greater than that of the inter-
mediate layer. This scattering trend has been observed in con-
focal images of cervical tissue. As an illustration, Fig. 9
shows confocal images ¢&) basal/parabas&B00 um below
the surfacg (b) intermediatg150 um below the surfageand
(c) superficial layergd50 um below the surfageof ex vivo
normal cervical epithelium. The measured lateral and axial
resolution of the confocal system used is 0.8 and 2 8
respectively) The nuclei observed in the images show that
scattering decreases in going from the superficial layer to the
intermediate layer, but then increases in the basal/parabasal
layer. Note that the confocal system operates at a wavelength
of 810 nm and that the images have been acquired after the
application of acetic aciflput scattering from nuclei follows
the general trend observed in Fig. 7. The confocal images can

The scattering patterns in Fig. 5 indicate that changes as-be interpreted more appropriately by considering the inte-
sociated with dysplasia generally lead to increased scattering.grated intensity values of Fig. 8, since confocal microscopy

The increase in scattered intensity for CIN 3 nuclei at small

basically provides a map of integrated high-angle scattering

scattering angles is due to an increase in nuclear size. High-from nuclei. Figure 10 compares the gray-scale values ob-
angle scattering is sensitive to the nuclear refractive index tained from confocal images with the integrated scattering

profile. Since CIN 3 nuclei are more heterogeneous, an in-

intensities shown in Fig. 8. The gray-scale values given for

crease in scattered intensity at high angles is also expectedeach layer have been calculated by recording pixel intensities
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(0 to 255 from ten different locations representing nuclear
areas on the images. The standard deviations of these pixel
intensities are also shown. The figure demonstrates good cor-
relation between a change in pixel intensities from one layer
to another and the corresponding change in integrated scatter-
ing intensities. &
An overall increase in scattering from dysplastic cell nu-
clei is seen in the calculated cross-section values, whereas

Fig. 8 specifically shows the elevation of high-angle scatter- 10.

ing. Increased high-angle scattering from tumorigenic cells
has been previously reported by Mourant et3t’who car-
ried out angle-dependent light-scattering measurements on tu-
morigenic and nontumorigenic rat embryo fibroblasts. Also,

an increase in backscattered light intensity has been noted in a2

study by Pan et &° involving the use of OCT imaging for

detection of tumorigenesis in rat bladders. Finally, confocal 13

images of cervical biopsies presented in papers by Collier
et al® and Drezek et &° also showed elevated scattering
from dysplastic cell nuclei, which is consistent with the
FDTD modeling results.

15.

5 Conclusions

In summary, the FDTD method provides a flexible approach 16.

to simulating light scattering from complex objects of any
dielectric shape. Therefore, the method is a promising tool for

further investigating and understanding the relationship be- 17.

tween the morphological and biochemical structure of cells
and light scattering. Such an understanding can provide a

guide for the design of scattering-based optical instruments 18.

with better diagnostic capabilities.

19.
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