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Abstract

Human B-cells play an important role in the immune system, and because of their relatively simple structures with a

nearly spherically shaped cell membrane and a large nucleus, they provide a good case to study on how the details of cell

structure affect light scattering properties. A finite-difference-time-domain (FDTD) method is used to calculate angle-

resolved light scattering distributions from a B-cell. Published FDTD simulations to date have used a smooth shape with a

certain degree of symmetry to approximate the actual cell shape. In contrast, for this work, the shapes of the cell and its

nucleus were determined from confocal microscopy measurements. An automated procedure was developed to construct a

realistic three-dimensional structure of a B-cell from a stack of two-dimensional confocal images. The angle-resolved

Mueller matrix elements of the B-cell were calculated and averaged for 30 different angles of incidence using a parallel

FDTD code. These results were compared with those from a homogeneous and a coated sphere. Scattering from the two

sphere models and the B-cell were very similar for scattering angles less than 51, and the coated sphere and B-cell agreed

well for scattering angles up to 201. However, at larger angles, the scattering from the B-cell was a much smoother function

of angle than scattering from either sphere model. Additionally, the homogeneous sphere results were the most similar to

the B-cell results for most angles between 1201 and 1501, and at angles greater than 1501, the B-cell scattered more light

than either of the spheres. These results yield strong evidence that accurate modeling of light scattering by biological cells

requires not only the high accuracy of the employed numerical method but the realistic cellular structure as input

information as well.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Elastic light scattering is one of the most probable pathways through which biological cells interact with
optical radiation in the spectral regions of visible and infrared. The rich structure in the scattered light
e front matter r 2006 Elsevier Ltd. All rights reserved.
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distributions has been shown to yield abundant information on the cellular morphology due to the large size
parameters and significant optical heterogeneity of biological cells [1–6]. As a result, light scattering is
expected to provide an exquisitely sensitive approach for fast and non-invasive determination of cellular
morphology and consequent cell sorting. A prominent example of its applications can be found in the
development of flow cytometry for cell discrimination on the basis of light scattering signals [7,8]. Fulfilling the
potential of flow cytometry as a powerful technique of cell analysis and diagnosis in cell biology and clinics
requires continuous improvement in instrumentation, and development of accurate and efficient modeling
tools. Light scattering by a biological cell is a complex phenomenon, since in general cells are dielectric bodies
with an inhomogeneous spatial distribution in their refractive index and have shapes far from simple forms
such as spheres or spheroids. In these cases, numerical methods have to be used, and the finite-difference-time-
domain (FDTD) method is often adopted for this purpose [9]. In addition to a suitable numerical modeling
method, proper optical structure and shape model are also necessary to ensure the accuracy of simulation
results. In previous studies of cell scattering, the shapes of cell and nucleus were often modeled as ellipsoids
[9,10] where the axial lengths were determined from the overall shape feature of the cell or nucleus. Recently,
we have reported the development of an FDTD code and its parallel version to numerically model light
scattering distributions by single red blood cells in different biconcave and deformed shapes [11,12]. Our
results show that the shape of the scatterer can significantly affect the scattering patterns of a cell. While the
shapes of red blood cells in these studies are based on the microscopic measurements of their morphology
under different physiological and mechanical conditions, the shapes nevertheless were generated with
analytical functions of rotational symmetry and with no consideration of detailed surface structures or slight
deformation from the rotational symmetry. In this report, we present an automated procedure to construct the
three-dimensional (3D) structure of a cultured B-lymphocyte, or B-cell, from a stack of 2D confocal images.
The light scattering patterns of a B-cell with its reconstructed structure were calculated using a parallel FDTD
code [12]. To understand to what extent that realistic shape and structure of a cell will affect its light scattering
pattern. The results obtained from the constructed B-cell structure were compared with those obtained from
an equivalent homogeneous sphere and a coated sphere with equal volume partition. We start in the next
section with a description of the image construction procedure followed by the presentation of the FDTD
simulation results and discussion.

2. Method

B-cells constitute 10–20% of the lymphocyte population, with the others being the T-cells, in human blood
as a principal cellular component of the adaptive immune response. The morphological and behavioral spectra
of B-cells are remarkable; partly because they derive from diverse normal lymphoid cells. The B-cells
differentiate to form antibody-secreting plasma cells in tissue with enlarged cell volumes and play an
important role in the understanding and diagnosis of lymphomas and leukemia. Inactive B-cells in blood have
a slightly elongated shape with diameters ranging from 6 to 9 mm and nuclei occupying a large portion of the
cell volume with diameters from 5 to 8 mm [13]. The cytoplasm forms a narrow rim with a considerable number
of free ribosomes and a minimal rough endoplasmic reticulum. Activated B-cells, en route to form plasma
cells, have increased sizes ranging from 9 to 15 mm due mainly to a greater amount of cytoplasm.

To simulate light scattering by a single B-cell using the FDTD method, the 3D optical structure of the cell is
needed. In the FDTD method, the linear response of the biological cell to the incident light field is described
by a spatially variant dielectric constant e(r), and the simulated region that includes the scatterer and its
nearby region is discretized into rectangular grid cells with the corresponding values of e(r) assigned over the
grid [14,15]. For biological cells of multiple intracellular components, it is necessary to define the boundary of
each cell component so that the grid points within the boundary of a cellular component can be associated
with the correct value of the dielectric constant. This requires accurate mapping of the 3D structure of the cell
into the FDTD code. Confocal microscopy is a powerful tool to generate the 3D structure of a cell. A stack of
2D confocal images can be acquired with very small focal depth as the imaged cell is being translated along the
z-axis, from which the 3D structure of the cell can be constructed. The z-axis is defined to be perpendicular to
the focal plane of the microscope objective. In the subsections below, we describe a procedure that
automatically constructs the 3D structure of a B-cell using a stack of 2D confocal images.
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2.1. Confocal microscopy

Cultured NALM-6 cells, a human B-cell precursor derived from the peripheral blood of a patient with acute
lymphoblastic leukemia [16], were used in our study. For confocal imaging, freshly harvested NALM-6 cells
were simultaneously stained with two fluorescent dyes for 3 h at 37 1C to optimize the image contrast of
different cellular components: the FM 1-43 dye [N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)
styryl)pyridinium dibromide] at a concentration of 4 mM for membranes and the SYTO 61 Red dye at a
concentration of 5 mM for the nucleus. Excess dye was then washed away to reduce background noise in the
confocal images of the cells. The stained cells were placed on a glass depression slide to minimize cell distortion
by the cover glass, and imaged with a laser scanning confocal microscope (LSM 510, Zeiss) using a 63� water
immersion objective to produce an image stack along the z-axis. Two laser beams at the wavelengths of 488
and 633 nm were used to excite the two dyes with the green fluorescence from the FM 1-43 and the red
fluorescence from the SYTO 61. The two fluorescent light signals were acquired separately by two
photomultipliers with appropriate filters. The combined fluorescence images were saved in a RGB image file
stack with 512� 512 pixels of 0.04 pixel distance at the focal plane in each 2D image, and the step size of the
z-scan was set at 0.51 mm.

Image stacks of several NALM-6 cells were obtained, and the set of original confocal microscope images of
cell #8 among the imaged cells is shown in Fig. 1. Analysis of the imaged cells demonstrated that a typical
B-cell, when not in the dividing phase, appears to have an approximately spherical shape for its plasma
membrane and nucleus. In the case of cell #8, the membrane and nucleus are also approximately concentric.
Fig. 1. The stack of 2D confocal images of a NALM-6 cell (cell #8) acquired along the z-axis through the cell. The plasma membrane is

stained with green dye and the nucleus with red dye.
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We have chosen cell #8 for the FDTD scattering simulations presented in this paper partly because its
structure appears to be close to a coated sphere, for which an analytic solution is available for comparison.
This comparison may clearly illustrate the effect of structure on light scattering.

2.2. Automated image processing

Based on the image features of the B-cells, we developed a procedure to automatically extract the border
contours of the nucleus and the cell membrane, where the former is shown in red and the latter in green in a 2D
confocal image. To demonstrate this procedure, image #17 in Fig. 1 is singled out to illustrate the main steps in
the procedure with the original 2D image redisplayed in Fig. 2a. A quick examination of Fig. 2a shows that while
the intensity distributions are not very even for both of the fluorescence colors, the dynamic range of the red
fluorescence is much smaller than that of the green fluorescence for which many pixels have reached saturation
readings. We first separated the two color components in the image pixels of RGB format so that the contours of
the nucleus and the cell membrane can be obtained separately. As an example, the red component of Fig. 2a is
presented in Fig. 2b which shows the nuclear region with a clear border line. A closer examination of Fig. 2b also
shows that separation of the color components reveals some additional information that is not observable in the
original image: there is a rim of weak red color around the nucleus resembling the shape of the cytoplasm, which
may have been caused by a low density residue of the red dye molecules inside the cell cytoplasm. Even though
the red component of the pixels in this region has a much smaller intensity readings than those in the nuclear
region, it is very uniform and shows clearly the border of the cell membrane. Further investigation of the cells
stained with only red or green dyes confirmed these observations. In comparison, the saturated pixels in the
green intensity readings of the cytoplasm makes it very difficult to automatically extract the contour of the cell
membrane accurately with the green component alone. For these reasons, only the red component of the pixels is
used for the automated image processing while the green component is used only for confirmation purpose.

The image processing is started by retrieving the statistics of intensity readings. First, the geometric center of
the imaged cell in 3D space is located by pooling all the pixels of the entire image stack together. Then the 2D
image slide that is closest to the center is identified as the reference slide. The intensity distribution in the
reference slide is obtained by sorting the intensity readings from all pixels into a histogram of the intensity
readings from 0 to 255. In the case of Fig. 2b, the red component of the pixels shows three groups in its
intensity reading distribution with each corresponding to a region in the image, those within the group of
highest intensity reading are regarded as in the nucleus, those within the group of the lower reading are
regarded as in the cytoplasm and those with readings much lower than the cytoplasm group are classified as
the noise background.

The next step is to group the pixels in other 2D images by comparing their intensity readings to the ranges of
the three intensity groups obtained from the reference slide in the previous step. As in the reference slide, the
Fig. 2. Imaging processing with image #17 shown in Fig. 1 as an example: (a) original image; (b) red component after color separation; (c)

processed image.
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pixels are labeled as either in the nuclear group, the cytoplasm group, or the background group. The sorted
pixels in each 2D image are then recombined to form a false-color copy as a processed image: pixels labeled as
inside the nucleus assigned with a yellow color, those in the cytoplasm with a green color and the background
pixels with black (intensity ¼ 0). The third step is to remove the ‘‘single’’ specks. In this part the following
rules are applied: (1) if a pixel is not assigned as a background pixel but is ‘‘surrounded’’ by background pixels,
then it becomes a background pixel; (2) if a pixel is assigned as a background pixel but is ‘‘surrounded’’ by
non-background pixels then it becomes a non-background pixel.

Once an image is divided into different regions or clusters with one of the two colors, yellow or green among
the black background, the largest clusters of non-background pixels are determined among the pixel clusters.
A cluster consists of connected pixels of the same color (yellow or green) with a size given by the number of
pixels. Note that in the last step the clusters of size 1 have been removed. Ignoring the background cluster, the
largest cluster in each color is chosen and considered to be the item of interest, i.e., the cytoplasm or nucleus.
The pixel distributions in the false-color images are then smoothed using a method of Gaussian 2D window
averaging to remove the ‘‘specks’’ or the pixels with intensity readings significantly different from their
neighboring pixels. This was carried out via the convolution of the intensity reading of a pixel over a grid of
16� 16, centered on that pixel, with a kernel of exp{�(i2+j2)/32} for �8pip8 and �8pjp8. After averaging,
the intensity readings of all pixels are set to either 0 or 255 if they were smaller or greater than a threshold
value, respectively. This procedure was very effective to remove the specks consisting of several pixels in the
image processing code.

In the last part of image processing, the stack of the false-color images generated from the confocal images
is examined to eliminate those images with dominant noise background pixels. These are defined as the image
slides with less than 25 non-background pixels among the 512� 512 pixels and, if any, are found to be those at
the top or bottom of the imaged cells. The output of the above processing procedure is a stack of false-color
images containing solid areas of different colors representing the cytoplasm and the nuclear regions, as
displayed by the processed image of Fig. 2b in Fig. 2c. These images provide the input data for the shape
generator program.

2.3. 3D structure construction

A shape generator program has been developed to read the processed images and generate the 3D structure
in the following steps.

The first step involves border extraction and parameterization in each 2D image. For each of the two colors,
all interior pixels are removed to obtain the border contour lines of the cytoplasm and nucleus. Since these
border lines are simple (non-self-intersecting) and closed, they can be represented by parameterized curves
which are also simple and closed, i.e., the Jordan curves [17]. The parameterization is chosen such that the
following is true: the border is a trace of the curve f(t) with 0ptp1 and f ð0Þ ¼ f ð1Þ. The starting point of the
curve, f(0), is selected by locating the lowest pixel of the border intersecting with a vertical line that passes
through the geometric center of the cellular component (cytoplasm or nucleus).

In the second step, the boundary surface of a cellular component in 3D space is constructed by linear
interpolation between the border lines in the adjacent image slides. For cytoplasm or nucleus, the
parameterized border curve in each image slide is connected by line segments to the curves on the adjacent
slides along the z-axis with the same values of t. The boundary surface in the 3D space can then be constructed
with these line segments through the stack of the border curves as densely as desired using a small increment of
the curve parameter t. To make up the eliminated image slides near the top and bottom of the imaged cell due
to the dominant noise background, the top and bottom portions of the boundary surface for the cell and
nucleus are constructed by extrapolation from the slides near the two ends of the image stack.

The final step is to assign a domain ID to each FDTD grid point. Since the imaged NALM-6 cells have
relatively simple structures of cytoplasm and nucleus, we assumed that the surfaces of the cell membrane and
nucleus are simple and closed. This allows the separation of grid points into two groups of either ‘‘inside’’ or
‘‘outside’’ of a surface. For a particular point, the classification is determined by the number of intersections
between the surface and a ray drawn from the grid point to infinity. This separation is based on the extension
of the Jordan curve theorem and its corollary [17] to the 3D space. Note that the nuclear boundary takes
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precedence in separating the grid points since they are within the cell membrane boundary. After the
separation, each grid point is assigned one of the three domain IDs depending on whether it is in the nucleus,
cytoplasm or the hosting medium outside the cell.

To study the effect of the realistic shape and structure of a B-cell on its scattering pattern, we adopted the
FDTD method used in our recent red blood cell scattering studies [11,12]. A previously developed high-
performance parallel FDTD code [12] was modified to import the 3D cell structure constructed in the way
described above. We calculated the distribution of the scattered light in terms of the angle-resolved Mueller
matrix elements for different directions of the incident light beam.

3. Results and discussions

3.1. Validation of the 3D construction procedure

It has been observed that there is a slight stretching of the 3D shape along the z-axis due to the stepping
error of the sample stage in the confocal microscope. To eliminate the deformation and examine the effect of
optical aberration and image construction error, we applied the construction procedure described in the last
section to polystyrene spheres. Commercially available spheres of 6 mm in diameter and coated with green dye
were used for this purpose. A stack of confocal images of a sphere have been acquired (in Fig. 3a) under
similar conditions to those of the B-cell imaging with only one excitation laser beam at 488 nm. The shape of
the sphere in the 3D space was constructed with the processed images, and the stepping error of the z-scan was
determined by a best fitting factor to produce the ‘‘most spherical’’ shape. Two different views of the
constructed sphere are presented in Fig. 3b, which clearly shows that the constructed shape is not perfectly
spherical. This can be attributed to the optical aberration of the microscope as well as the error caused by the
interpolation and extrapolation procedures employed in the construction procedure. The green color in
Fig. 3b is an artificial color used by the viewing software (VisCAM View, Marcam Engineering GmbH) to
indicate the outside of a closed surface.

To determine the effect of deviations from a spherical shape on scattering patterns, we calculated the
scattering phase function or the element S11 of the Mueller matrix normalized over the entire range of
solid scattering angle, from the constructed sphere using the FDTD method for selected angles of incidence.
Due to the symmetry of the shape, three representative angles of incidence at 01, 451, and 901, with 01 for light
incident along the z-axis, were selected. The phase function averaged over the three angles of incidence is
compared with that obtained from Mie theory of the scattering from an ideal sphere of the same volume
(radius ¼ 3 mm) in Fig. 4. For both calculations, we assumed an incident wave of wavelength l0 ¼ 1mm in
vacuum, the complex refractive index of the sphere as nsp ¼ 1:3675þ i1:0� 10�5 in a host medium of
refractive index of nh ¼ 1:35. The FDTD grid cell size was set at Dx ¼ l=30 with l as the wavelength of the
incident light in the host medium. The refractive index of each region n is related to the respective dielectric
constant e by n ¼

ffiffi

e
p

. We also calculated the scattering cross-sections for both cases, and they were found to
be very close: 45.8 mm2 for the sphere and 47.0 mm2 for the constructed shape averaged over the three angles of
incidence

It can be seen from Fig. 4 that the results match fairly well over the full range of the scattering angle, with
the results from the constructed shape showing a smaller oscillation amplitude. These results demonstrate that
the overall trend in the angular distribution of the scattered light is not affected by the small shape
deformation in the constructed sphere. The characteristic oscillations in the scattering phase function of a
perfect sphere are the direct consequence of the spherical symmetry; therefore, this feature is very sensitive to
any departure from this symmetry. The difference in the oscillation amplitudes between the two curves in
Fig. 4 thus can be reasonably related to the reduced degree of spherical symmetry in the constructed shape due
to the shape deformation.

On the contrary, biological cells posses very little symmetry in their structures due to non-spherical shapes,
surface structures, and heterogeneity introduced by the intracellular components. It is thus reasonable to
expect that the optical aberrations in imaging and construction errors observed in the case of the sphere
should have much less impact on the distributions of light scattered by real cells. For example, the amplitude
of the membrane roughness, in bending and folding, and other non-spherical features in the shape of
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Fig. 3. 3D structure construction of a sphere of 6 mm in diameter and coated with green dye: (a) the stack of 2D confocal images; (b) two

views of the constructed sphere.
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malignant B-cells observed by electron microscope [13] are typically larger than the imaging and construction
errors of 0.3 mm or less. Therefore, it should be much less likely in these cases that such errors will affect
significantly the light scattering patterns. We should point out that further improvement over present work,
which represented the first results of constructing realistic 3D structure of biological cells for optical
simulations, can be achieved by refining the staining process and improving the interpolation precision.
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3.2. Light scattering simulations with the constructed B-cell structure

As a first application of the image processing procedures, we constructed the 3D structure of cell #8 from
the stack of 2D confocal images presented in Fig. 1, with the external and cross-section views of the
constructed cell shown in Fig. 5. It should be noted that the software, VisCAM View, used to produce the
images in Fig. 5 utilizes the green and red colors artificially to label the outside and inside of a closed 3D
surface, respectively. For this reason, the inside of the boundary surface appears in red and the outside in
green for both nucleus and cell membrane. In obtaining the final structure, the step size along the z-axis
between the image slides has been rescaled by the same factor obtained from the sphere calibration. The 3D
numerical structure was then imported into the FDTD program, where the proper values of dielectric constant
were assigned to each grid point according to its domain ID, indicating either inside the nucleus, cytoplasm, or
the region outside the cell, to calculate the Mueller matrix elements for different orientations of the cell [11,12].
It should be noted that the 3D structure shown in Fig. 5 is plotted with a grid cell size of
0.148� 0.148� 0.148 mm3 while the 3D structure mapped for FDTD simulations uses a finer grid cell size
of 0.037� 0.037� 0.037 mm3 to satisfy the FDTD resolution requirement. The 3D structure construction
allows easy estimation of geometric properties of the imaged cell such as volume and surface area. In the case
of cell #8, the nuclear volume was calculated to be 293 mm3 and the cell volume to be 557 mm3 with the nucleus
occupying about 52% of the cell volume. Both the nucleus and the cytoplasm regions were assumed to be
homogeneous with complex indices of refraction of nn ¼ 1:4þ i1:0� 10�5 for the nucleus and nc ¼

1:3675þ i1:0� 10�5 for the cytoplasm at an incident wavelength l0 ¼ 1mm in vacuum [5]. It was further
assumed that the cell is suspended in a transparent water-like host medium with a refractive index np ¼ 1:35.
The FDTD grid cell size was set at Dx ¼ l=20 with l as the wavelength of the incident light in the host
medium.

The angle-resolved Mueller matrix elements of the cell, in terms of the polar scattering angle ys and
azimuthal scattering angle fs, were obtained for 30 different angles of incidence (denoted by yi and fi) over the
full range of the solid angle [11]. Representative results for several angles of incidence revealing the major
features of scattering pattern are shown in Fig. 6, where five independent Mueller matrix elements [18] of the
cell that have been averaged over the azimuthal angle fs are plotted as functions of the scattering angle ys.
Also shown in the same figure are the results averaged over all 30 angles of incidence that have been studied. It
can be seen from Fig. 6 that the results obtained at different angles of incidence show similar patterns for each
of the Mueller matrix elements. Curves for different angles of incidence agree with each other well in the
region of the forward scattering with yso201. As ys increases from 201 to 801 they start to differ and exhibit
much less correlation for ys41001.
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Fig. 5. Constructed 3D structure of cell #8: (a) external view; (b) two cross-section views.

R. Scott Brock et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 102 (2006) 25–36 33
Since the constructed structure of cell #8 appears to be spherical with concentric cell membrane and nucleus,
we employed a coated sphere as a comparison model to study the effect of detailed structure on light
scattering. Here the core of the coated sphere was set to have the same refractive index and volume of the
nucleus and the shell to have those of the cytoplasm of the cell #8, yielding radii of 4.12 and 5.10 mm for the
core and shell, respectively. The problem of light scattering by a coated sphere can be solved exactly and
the results presented here were calculated using the code DMILAY developed by Toon and Ackerman [19].
The results of four non-trivial Mueller matrix elements for the coated sphere are compared in Fig. 7 with the
incident angle averaged results of the same elements of cell #8 with the constructed structure. It should be
noted that the curves of element S11 presented here have not been normalized, so that the overall scattering
features including the scattering power, measured by the scattering cross-section, and the scattering pattern,
presented by the phase function, can be compared together. It can be seen that the angle-resolved matrix
elements of the coated sphere have the characteristic oscillations associated with the spherical symmetry while
those of the cell #8 are much smoother due to the incidence angle averaging and lack of symmetry in structure.
Overall, those two sets of results do not match very well. The disparity is particularly pronounced in the
element S11 where the results of the coated sphere are consistently lower than those of cell #8 in the larger
scattering angle region, especially for ys41201. This indicates that the coated sphere is a poor model for the
imaged B-cell at large scattering angles; even though it appears to have a spherical structure. In the forward
scattering region, however, they match almost perfectly for yso201. Therefore, we can observe that the
deviation of a scatterer’s structure from spherical symmetry does not affect forward scattering. Combined with
the results shown in Fig. 6 on the effect of incidence angle or cell orientation, we may further note that the
forward scattering (yso201) provides information sensitive only on the volume of the scatterer; an
experimental fact noted in numerous reports on light scattering by cells [20].

To understand the marked difference between these two sets of results at large values of ys, we also
calculated the Mueller matrix elements of an equivalent sphere to investigate the effects of scatterer volume.
Here the equivalent sphere is defined to be a homogeneous sphere of the same volume as the constructed cell
with an effective index of refraction obtained by averaging the indices of the nucleus and the cytoplasm
weighted by their volumes. The results are also plotted in Fig. 7 for comparison with the other two sets of
results. It can be seen that the results from the equivalent sphere are closer to those of the constructed cell than
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that of the coated sphere for most large scattering angles. But unlike the coated sphere, the good match with
the results of the constructed B-cell near the forward direction in the S11 ends near ys ¼ 51, far short of the 201
for the coated sphere.

Based on these observations, we conclude that the forward scattering signals with yso51 provide accurate
information on the volume of the scatterer. The agreement between the results of the coated sphere and the
constructed B-cell in the region of 51oyso201 demonstrates that additional structural elements should be
added to improve the accuracy of sphere modeling of light scattering by B-cells with structures close to coated
spheres. The marked difference between the sphere models and the constructed cell #8, which is a simplified
copy of the real B-cells, over the regions of ys4201 indicates that the detailed structural features in the B-cell
affect significantly the side- and back-scattered light signals. This conclusion is supported by the results of our
previous FDTD studies of light scattering from red blood cells of different shapes [11,12]. It has been shown
there that the variation in the large-scale structural features can result in changes in light scattering pattern at
most scattering angles, while the small-scale distortions can produce significant changes in the scattering
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pattern in the backscattering region. And those changes are most evident in the region of ys4901 when certain
symmetry of the structure is involved.

4. Summary

To investigate the effect of realistic structure on the light scattered by a biological cell, we have developed an
automated procedure to construct the 3D structure of a NALM-6 cell from its confocal images. A parallel
FDTD program was applied to calculate selected Mueller matrix elements of the constructed structure. The
FDTD simulation results with the constructed cell structure have been compared to those of sphere models to
provide insight on the effect of detailed cellular structures on light scattering. Even though the shapes of the
membrane and the nucleus of the constructed B-cell appear approximately spherical and concentric, a coated
sphere was shown to be a poor model for the study of light scattering at large scattering angles. On the other
hand, the good agreement between the results from the coated sphere model and the constructed B-cell for
yso201 indicates that the sphere model may be used for phase function estimation in the forward scattering
region.
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