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1 Introduction

Abstract. Reflectance spectra measured from epithelial tissue have
been used to extract size distribution and refractive index of cell nu-
clei for noninvasive detection of precancerous changes. Despite many
in vitro and in vivo experimental results, the underlying mechanism of
sizing nuclei based on modeling nuclei as homogeneous spheres and
fitting the measured data with Mie theory has not been fully explored.
We describe the implementation of a three-dimensional finite-
difference time-domain (FDTD) simulation tool using a Gaussian
pulse as the light source to investigate the wavelength-dependent
characteristics of backscattered light from a nuclear model consisting
of a nucleolus and clumps of chromatin embedded in homogeneous
nucleoplasm. The results show that small-sized heterogeneities within
the nuclei generate about five times higher backscattering than homo-
geneous spheres. More interestingly, backscattering spectra from het-
erogeneous spherical nuclei show periodic oscillations similar to
those from homogeneous spheres, leading to high accuracy of esti-
mating the nuclear diameter by comparison with Mie theory. In addi-
tion to the application in light scattering spectroscopy, the reported
FDTD method could be adapted to study the relations between mea-
sured spectral data and nuclear structures in other optical imaging and

spectroscopic techniques for in vivo diagnosis. © 2010 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.3324838]
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nuclei differed greatly from values calculated with a model
assuming homogeneous scatterers.” Despite inaccurate mod-

Elastic light scattering can be used to extract size and refrac-
tive index distributions of scattering structures in biological
cells and tissue.'”” While both angular and wavelength-
dependent characteristics of scattered light can be used to es-
timate the size of cell nuclei, the wavelength dependence of
backscattering is easier to measure from cells/tissue in vivo
and more suitable for noninvasive detection of early changes
associated with cancer.”® Size estimation is typically
achieved by fitting the experimental data with analytical solu-
tions provided by Mie theory in which light scattering objects
are treated as homogeneous spheres.'”” However, light scat-
tering characteristics of nuclei are greatly influenced by
nuclear morphology and heterogeneities within the nuclei, and
may deviate appreciably from predictions based on Mie
theory.8 Experimental measurements of the angular depen-
dence of polarized scattering from whole cells and isolated
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eling of nuclei as homogeneous spheres, results of using Mie-
based models to size nuclei from backscattering spectra were
confirmed in vitro with light microscopy measurements.**’

One powerful tool to address this limitation is the finite-
difference time-domain (FDTD) method, which provides rig-
orous solutions to Maxwell’s equations numerically. The
FDTD method allows arbitrary geometry and refractive index
distribution of scatterers to be simulated in the light scattering
problem, and has been used to investigate angular scattering
characteristics of biological cells.*!*!* The spectral features
of backscattering from cells, despite being more accessible in
vivo than the angular dependence, have not been investigated
systematically using the FDTD method."> There exist related
studies focused on exploring the wavelength dependence of
the total scattering cross sections of inhomogeneous spheres16
and irregularly shaped homogeneous particles'’ using both
equiphase-sphere approximation and broadband FDTD simu-
lation. A thorough review can be found in Ref. 18
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We present the results of investigating the influences of
heterogeneous refractive index distribution of nuclei on the
spectral characteristics of backscattered light using the broad-
band FDTD method. In particular, we aim to examine the
validity of the widely used method for estimating the size of
nuclei based on Mie theory. Our long term goals are to in-
crease the understanding of the relationships between light
scattering and cellular structures, and use the knowledge to
facilitate the development of noninvasive or minimally inva-
sive diagnostic tools for early detection of cancer. As an initial
effort, we focus on cells with low mitochondrial contents such
as cervical epithelial cells.*'? In vivo reflectance confocal im-
aging of cervical epithelium confirmed that the cell nucleus is
a major source of contrast, indicating that the nucleus has a
larger cross section for backscattering than other organelles
and cytoplasmic membranes. '’

2 Methods

The FDTD method, proposed by Yee in 1966, provides
numerical solutions of Maxwell’s equations through discreti-
zation of the electric and magnetic fields in both time and
spatial domains. To investigate the spectral characteristics of
the backscattered light efficiently, we adopted the method pro-
posed by Drezek, Dunn, and Richards-Kortum that used a
Gaussian pulse as a broadband light source and generated
angular scattering patterns at multiple wavelengths with one
FDTD run.” To enhance the dynamic range, we modulated
the Gaussian pulse with a sinusoidal wave to shift the central
wavelength of the light source to 1200 nm, the shortest wave-
length simulated. Spectral data were obtained in wavelengths
ranging from 1200 to 1400 nm with a 10-nm increment, con-
sidering future development of optical systems for in vivo
applications. We used a grid size of 44.118 nm, correspond-
ing to 1/20 of the shortest wavelength in the medium, as a
result of trade-off between accuracy and computational time.
A perfectly matched layer (PML) absorbing boundary condi-
tion was implemented for suppressing artificial reflection.?!
The intensity of scattered light was integrated over the whole
271 azimuthal angles and the scattering angles between 164
and 180 deg, assuming plane wave illumination and a water-
immersion objective lens with a numerical aperture (NA) of
0.4 for collecting the backscattered light. Our 3-D FDTD code
was implemented in C/C+ + on a personal computer with an
Intel 3.16 GHz Core™ 2 Duo processor and 8 GB of
memory.

Cell nuclei were modeled as 5-um spheres consisting of a
spherical nucleolus and clumps of chromatin randomly dis-
tributed in a homogeneous medium that represents the cyto-
plasm. The diameter of the nucleolus was set to be either 1.25
or 1.67 um. The size of each chromatin clump was assigned
randomly in the range of 0.033 to 1 wm. A higher density of
chromatin condensation was distributed at the periphery of the
nucleus according to scanning electron microscopic images of
mammalian cells.”” We note that the structure of refractive
index fluctuation in biological tissue and cells has been sug-
gested to exhibit self-affine or fractal features,”* 2 and this
information was not incorporated into our model (see the dis-
cussion in Sec. 4 for details).

The refractive index of the cytoplasm was set at 1.36 ac-
cording to reported measurements,”®* and the nucleoplasm
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Fig. 1 Backscattering spectra of homogeneous spheres by FDTD
(circles) and Mie theory (lines). The spheres have refractive indices of
(a) and (b) 1.39 and (c) and (d) 1.42, and diameters of (a) and (c)
5 um and (b) and (d) 8 um.

was assumed to have the same refractive index as the
cytoplasm.29 The average refractive index of the nucleolus
and chromatin condensation for normal cells was set at
1.39.%% For dysplastic cells, darker appearance of Feulgen-
thionin-stained nuclei in histology slides indicates higher con-
centrations of nucleic acids and nucleoproteins, which leads
to higher refractive indices.*'**" We chose an average refrac-
tive index of 1.42 for the nucleolus and chromatin condensa-
tion in models of dysplastic nuclei.

3 Results

We verified our 3-D FDTD code by comparing backscattering
spectra of homogeneous spheres with theoretical results pro-
vided by Mie theory. Figure 1 shows the scattered intensity
integrated over the collection cone of the assumed objective
lens. We present the spectra using the same unit as the scat-
tering cross section (m?), and refer to the results as back-
scattering cross section. FDTD spectra of homogeneous
spheres with diameters of 5 and 8 um and refractive indices
of 1.39 and 1.42 match well to values predicted by Mie
theory. Sample nuclear models with 1.67-um nucleoli are
shown in Fig. 2. Four different chromatin densities were used
to account for a variety of nuclear structure. The volume frac-
tion of the nucleolus plus chromatin condensation was 22.1,
23.4, 35.8, and 47.2%, respectively [(Figs. 2(a)-2(d))].

To separate influences of multiple parameters on the result-
ing spectra, we first set the refractive index of the nucleolus
and chromatin to be constant. Figure 3 shows FDTD results of
normal nuclei (circles) and dysplastic nuclei (triangles) using
the same structures of nucleoli and chromatin clumps as
shown in Fig. 2. Backscattering spectra from heterogeneous
spheres show similar oscillations in intensity as those from
homogeneous spheres in all cases, including the one with very
low chromatin density [Fig. 3(a)]. For calculating the back-
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Fig. 2 Illustrations of simulated models of spherical nuclei with in-
creasing chromatin densities from (a) to (d). In (b), refractive index
fluctuation is depicted in grayscale. In the other three cases, the
nucleolus and chromatin clumps are assumed to have a constant re-
fractive index and are shown in black.

scattering spectra of 5-um homogeneous spheres with Mie
theory, we used the average refractive index of the corre-
sponding heterogeneous nucleus as an input parameter. We
note several observations from the results. First, although the
intensities of the peaks and valleys of heterogeneous spheres
differ from those of homogeneous spheres, the wavelengths of
the peaks and valleys are almost the same, indicating the fea-
sibility of sizing heterogeneous spheres by comparing their
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Fig. 3 Backscattering spectra of normal (circles) and dysplastic (tri-
angles) nuclei by FDTD simulations. Spectra of corresponding homo-
geneous spheres obtained by Mie theory are represented by solid and
dotted lines, respectively.
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Fig. 4 (a) Backscattering spectra of a normal nucleus calculated by
FDTD using the same chromatin condensation distribution and differ-
ent refractive indices in the ranges of 1.39 (O), 1.39+0.004 (A), and
1.39£0.007 (X). (b) Backscattering spectra of a dysplastic nucleus
with refractive indices in the ranges of 1.42 (O), 1.42+0.008 (A), and
1.42+0.01 (X). Backscattering spectra of the corresponding homoge-
neous spheres by Mie are shown in solid lines.

backscattering spectra with Mie theory. Second, increase in
backscattering intensity due to a higher relative refractive in-
dex of the dysplastic model is evident for both homogeneous
and heterogeneous spheres. Third, heterogeneous spheres
show higher scattering intensities than the corresponding ho-
mogeneous spheres, presumably because there are more re-
flecting interfaces in heterogeneous spheres.

Next, we investigated the influence of refractive index
fluctuation within the nucleus, which has been shown to in-
crease in dysplastic cells.'”” The nuclear models were con-
structed as described before, except that the values of refrac-
tive index were randomly assigned within a certain range
instead of being a constant. One representative model is
shown in Fig. 2(b). Figure 4(a) shows backscattering spectra
of a simulated normal nucleus having refractive indices in the
ranges of 1.39, 1.39£0.004, and 1.39 =0.007. Backscatter-
ing spectra of a dysplastic nucleus with refractive indices in
the ranges of 1.42, 1.42£0.008, and 1.42*0.010 are shown
in Fig. 4(b). Scattering spectra of corresponding homoge-
neous spheres are shown in solid lines. The results show that
refractive index fluctuations in simulated nuclei have no effect
on peak and valley wavelengths in backscattering spectra, and
only cause slight increases in scattering intensity.

These analyses are based on comparing simulation results
between nuclear models having the same structures. However,
our results indicate that the spectral characteristics of back-
scattering are highly dependent on the specific distribution of
chromatin condensation in the simulated nucleus. Attempting
to capture a general trend in the relation between backscatter-
ing spectra and nuclear structure, we simulated 28 normal
nuclei and 19 dysplastic nuclei with various parameters. Av-
erage FDTD spectra of the normal and dysplastic nuclei are
shown in Fig. 5, along with Mie spectra of homogeneous
spheres obtained by using the average refractive indices of the
corresponding heterogeneous nuclei. The results show trends
similar to those seen in Fig. 3. The ratio of maximum inten-
sities between heterogeneous and homogeneous spheres is 6.2
and 4.9 for normal and dysplastic models, respectively.

To assess the accuracy of using Mie theory to estimate the
size of heterogeneous spheres, we compared the FDTD result
with spectra of homogeneous spheres having various diam-
eters, and determined the best-fit diameter by minimizing the
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Fig. 5 Average backscattering spectra of simulated (a) normal and (b)
dysplastic nuclei (O). The average refractive indices of the normal
(n=1.375) and dysplastic (n=1.39) nuclei are used to get the spectra
of homogeneous spheres (solid lines).

sum of the rms error in intensity, the difference in peak and
valley wavelengths, and the difference in peak-to-peak and
valley-to-valley distances between normalized backscattering
spectra obtained with FDTD and Mie. The result of size esti-
mation is summarized in Fig. 6. The average error in size
estimation is 8%, excluding six outliers in which shifts in
peak and/or valley wavelengths and the absence of a peak
and/or valley results in large errors in the estimated diameters.
The results indicate that high accuracy of size estimation is
not sensitive to nucleolar diameter, refractive index fluctua-
tion, or chromatin density.

4 Discussion

The research reported here focuses on investigating the effects
of heterogeneous refractive index distribution of spherical cell
nuclei on the spectral characteristics of backscattered light.
The results indicate that oscillations in backscattering spectra
of modeled heterogeneous nuclei can be used to estimate the
size of the nuclei by comparing with Mie theory, which sup-
ports in vivo experimental results of previous studies based on
light scattering spectroscopy (LSS).”® In our simulated mod-
els of nuclei, clumps of chromatin having higher refractive
indices are embedded in a homogeneous medium representing
the nucleoplasm and cytoplasm. According to scattering
theory, particles the size of cell nuclei contribute more signifi-
cantly to forward scattering, while backscattering is domi-
nated by particles about the same size as the wavelength or
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Fig. 6 Results of estimating the size of (a) normal and (b) dysplastic
nuclei. For each refractive index variation range, results with increas-
ing chromatin density are shown from left to right. Nucleolar diameter
is either 1.25 um (X) or 1.67 um (O).
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Fig. 7 Angular scattering patterns at a wavelength of 1300 nm aver-
aged from (a) normal and (b) dysplastic nuclei (circles). Angular scat-
tering patterns of the corresponding Mie spheres are plotted in solid
lines for comparison. Scattering intensities are normalized and plotted
in log scale.

smaller, 281112 Therefore, most of the backscattered light is

expected to originate from the subwavelength chromatin
clumps. However, our results show that the spectral depen-
dence of backscattering is similar to that of homogeneous
spheres several wavelengths in diameter, suggesting that
small-sized refractive index variations located closely to each
other need to be considered together rather than as indepen-
dent centers of single-scattering events. A similar correlation
between homogeneous and inhomogeneous spheres has been
demonstrated in the total scattering cross sectional spectra by
using analytical approximation and rigorous broadband FDTD
simulation.'®" In these previous studies, the total scattering
cross section is dominated by forward scattering, because the
spheres are several wavelengths in diameter. The findings of
our study on backscattering are significant, because they are
directly applicable to the interpretation of reflectance spectral
data from in vivo studies.

Another noteworthy result of modeling cell nuclei as het-
erogeneous spheres is the increase in backscattered intensity
by a factor of 5 to 6 over homogeneous counterparts. This
result suggests that modeling LSS by simplifying cell nuclei
as homogeneous spheres, which is convenient and commonly
used in studies for in vivo diagnosis of dysplasia, underesti-
mates the backscattering intensity from nuclei.”” While this
simplification does not significantly affect the accuracy of siz-
ing nuclei (because experimental measurements of light inten-
sity are usually relative), a more accurate model is necessary
if the contribution of backscattering from the nuclei is to be
compared with diffuse reflectance for modeling light propa-
gation in tissue. The result of higher backscattering from dys-
plastic nuclei compared to normal nuclei agrees with previous
FDTD studies in which increased backscattering has been at-
tributed to increased mean refractive indices and higher re-
fractive index fluctuations, representing elevated DNA con-
tent and higher degrees of heterogeneity in nuclei,
respectively.g‘12

Although the focus of the current study is to investigate the
spectral dependence of backscattering from individual cell nu-
clei, the reported broadband FDTD method also obtains an-
gular distributions of scattered light (Fig. 7). Therefore, it
could be incorporated into models of other light spectroscopy
techniques for in vivo diagnosis, because the measured signal
from tissue is strongly influenced by the scattering properties
of tissue. For example, the Monte Carlo method has been
widely used to simulate photon propagation in soft tissues. A
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recent study demonstrates using FDTD simulation to generate
more realistic phase functions to replace the general Henyey-
Greenstein phase function.®® The reported broadband FDTD
method could extend the approach to wavelength-dependent
phase functions for spectroscopic modeling and data analysis
using the Monte Carlo method.

For spectroscopic measurement and analysis of elastically
backscattered light from bulk tissue, contributions of scattered
light from nuclei of different sizes may obscure the oscillating
patterns in the measured spectra, hence impeding accurate
extraction of the nuclear size distribution. Systems combining
high-resolution imaging and spectroscopic capabilities can
provide spectral information backscattered from single or a
few cells, and are advantageous over spectroscopic measure-
ment of the bulk tissue in estimating the size of nuclei. For
instance, systems based on spectroscopic optical coherence
microscopy* and spectroscopic confocal microscopy35’36 have
been demonstrated to obtain backscattering spectra from lo-
calized regions within living cells. To what extent and how
accurately Mie theory could be applied to estimating the size
of diagnostically relevant subcellular structures depends on
both the optical arrangement used for data acquisition and the
specific structure of the cell being measured. Our current
FDTD code uses plane-wave illumination and a moderate NA
for the collection objective. Further research attempting to
address these questions requires implementing the FDTD
method with focused incident beams,””® and incorporating
detection methods such as confocal and coherence gating into
the model.

One major limitation of the reported work and other stud-
ies using FDTD for modeling biological cells is the lack of
detailed 3-D refractive index distribution of living cells. Con-
focal microscopy can be used to obtain 3-D structures of liv-
ing cells with proper fluorescence labeling.13 However, refrac-
tive indices of cellular constituents are not available from
confocal imaging. 3-D refractive index mapping of living
cells has recently been demonstrated with quantitative phase
microscopy in conjunction with tomographic reconstruction.*
This technique is very promising for providing the desired
refractive index information of living cells. However, due to
the limitation in spatial resolution, heterogeneities such as
chromatin clumps with a size below the diffraction limit are
blurred in reconstructed images and underestimated in refrac-
tive index. Since light scattering is sensitive to structures
much smaller than the diffraction limit, combining tomogra-
phic phase microscopy with light scattering techniques may
provide more accurate and detailed 3-D distribution of refrac-
tive index in living cells.

It has been suggested that the refractive index variations in
biological cells and tissue show self-affine or fractal features
based on images of stained cell nuclei in cytological
specimens,24 and frozen and thawed tissues.> While the fixa-
tion processes are likely to alter the structure of specimens,
experimental evidences from samples free of staining or fixa-
tion, including freshly excised rat tissues>?° and cell
monolayers,7’27 have been obtained using polarized LSs*%
and angle-resolved low-coherence interferometry (a/LCI).”?’
However, fractal dimension in a/LCI is obtained after the an-
gular scattering component of nuclei is removed, assuming
that the angular backscattering patterns of heterogeneous nu-
clei can be represented by those of homogeneous spheres. We
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note that this assumption is supported by the current study, as
shown in Fig. 7. Polarized LSS typically measures bulk tissue
with illumination beams several millimeters in diameter, and
it is unclear from previously published results how much epi-
thelial cell nuclei contribute to the inverse power law scatter-
ing spectra. Further investigations are needed to fully eluci-
date the origin of the fractal-like features of light scattering
from biological tissue and cells.

5 Conclusions

We report 3-D implementation of a broadband FDTD method
to obtain spectral characteristics of backscattered light from
normal and dysplastic cell nuclei, which are modeled as
spheres having a spherical nucleolus and randomly distributed
chromatin condensation. The resemblance between back-
scattering spectra from heterogeneous nuclei and those from
homogeneous spheres suggests that estimating the size of nu-
clei based on Mie theory is plausible. Intensity of backscat-
tered light from heterogeneous nuclei is about five times
higher than that from homogeneous spheres. Results of this
study indicate that small-sized refractive index variations
within the nuclei enhance backscattering and collectively ex-
hibit scattering characteristics of the much larger nuclei. Light
scattering properties obtained by the broadband FDTD
method could be incorporated into Monte Carlo simulations to
optimize both the design of optical probes for measuring
spectroscopic data from tissue, and the development of algo-
rithms for extracting optical properties of the tissue from mea-
sured data.
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