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ABSTRACT The light scattered from nucleated biological cells has been investigated
by using four different theoretical models: an opaque disk, a homogeneous sphere,
an opaque ring, and a coated sphere. By comparing these four models, diffraction at
the edges of the cell and the nucleus has been found to be the predominate scattering
mechanism for nucleated biological cells at low angles. The scattering patterns of
nucleated cells are found to have a fine lobe (high-frequency) structure dependent on
whole cell size, and an envelope lobe (low-frequency) structure dependent on relative
nucleus size. The models indicate that the present technique for measuring cell size
with a single low-angle light detector is highly dependent on the nucleus to cell diam-
eter ratio. Whole cell size is better estimated by the ratio of the outputs from two
low-angle detectors.

INTRODUCTION

When a biological cell is illuminated with laser light, the light is scattered in all direc-
tions (i.e., deflected from the incident direction) (1). This light scattering is due to a
number of different phenomena including: (a) diffraction of the light at the edges of the
cell, the nucleus, and other cellular inclusions; (b) refraction (i.e., phase shifting and
bending of the rays) due to the different relative index of refraction for the nucleus,
cytoplasm, and surrounding medium, (c) reflection at the different optical boundaries
within and enclosing the cell; and (d) absorption within the cell. Therefore, the scatter-
ing pattern is dependent on the morphology of the cells.

In this paper, we have used four different theoretical models to approximate the
scattered light from biological cells and have examined the effect of changes in whole
cell size and nucleus size on the scattering pattern. The eventual goal of this work is to
recognize the light scattering patterns of various classes of cells in automated instru-
mentation. Our immediate goal here is to indicate the important physical processes of
light scattering from nucleated cells and to suggest how these processes can be used for
extracting the morphological information from these cells.

In this analysis, the nucleus and cytoplasm are assumed to be homogeneous and
isotropic. The optical effects of the nonsymmetrical positions of cellular organelles
are, therefore, ignored. However, intracellular heterogeneities can be thought of as
contributing to the effective refractive indices of the cytoplasm and nucleus.
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Light Scattering Models
In this section, the four different theoretical models used in this study are described,
and some of the results published by others using these models are briefly reviewed.
A very simple light scattering model for a biological cell is the two-dimensional,
opaque, circular disk (2). Here the normal to the plane of the disk is parallel to the
direction of the incident light. All the light intercepted by the disk is absorbed, while
the light passing near the disk's edge is diffracted. The effects of cellular and nuclear
reflection, refraction, and absorption are ignored. Since the only cellular parameter is
the radius of the disk, the scattered light described by this model responds only to cell
radius.
The light scattering pattern from a circular disk is well known and described by the

Airy ring pattern (3). The angular width of the forward scattering lobe is inversely
proportional to the radius, r2, of the disk and directly proportional to the wavelength,
X, of the incident light. Since this model explains forward light scattering from cells
satisfactorily (2), a measurement of the width of this central lobe results in information
related to the diameter of the cell.
A homogeneous sphere model can be used to account for diffraction at the edge of

the cell, as well as reflection and refraction at the surface of the cell. This three-dimen-
sional model includes the additional cell parameter of mean refractive index. It has
been shown that the scattering pattern of a homogeneous sphere is very similar in
structure to the diffraction pattern of an opaque disk (4,5). The central lobe width is
predicted by the diffraction of an opaque disk when the sphere size is greater than a
couple of wavelengths (5,6) and, therefore, this lobe width is inversely proportional to
the diameter of the sphere. Mullaney and Dean have shown (4) that the scattered in-
tensity at an angle of 0.50 (which is within the central lobe) is approximately propor-
tional to the volume of the sphere, and, therefore, a detector that measures this small-
angle light scattering intensity will yield information about the volume distribution for
a population of cells. However, as they have pointed out, the scattered intensity at
this angle is a function of the index of refraction, and, therefore, one must assume that
all the cells in the population have the same index of refraction. Also, as shown below,
this scattered intensity at small angles is a function of the nucleus diameter to cell
diameter ratio.
The simplest two-dimensional, two-parameter model that one could use to include

some effects of the nucleus is to consider the diffraction from an opaque ring, as shown
in Fig. 1. In this model, the outer edge of radius r2 corresponds to the cellular size and
the inner edge of radius r, corresponds to the nuclear size. This model essentially
looks at only the diffraction effects of the edge of the cell and the edge of the nucleus.

Since the opaque ring is circularly symmetric, its scattering (or diffraction) pattern
will also be circularly symmetric. The scattering pattern plot shown in Fig. I shows the
angular dependence of the scattered light (where 00 corresponds to forward scattering).
This scattering pattern is typical of the patterns of cells of different whole cell size
(v = 2wrr2/X, v is called the whole cell size parameter) and nucleus to cell diameter
ratio (A = 2r,/2r2). The central lobe width of this fine lobe structure shows the
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FIGURE I (a) The opaque ring scattering model is shown with a whole cell size parameter v=
2 ir2 /A, where X is the wavelength of the illumination beam, and a nucleus to cell diameter ratio
A = r, Ir2 . (b) A typical scattering pattern for an opaque ring with whole cell size parameter v =

60 and nucleus to cell diameter ratio A = 0.6. The logarithm of scattered intensity is shown as
a function of angle where 0° coffesponds to forward scattering.

well-known improved resolution (i.e., lobe narrowing) of an obstructed aperture (3).
However, the sidelobes of this fine lobe structure are very similar in periodicity to the
fine lobe structure of an opaque disk of equal size and illumination as the opaque ring,
and therefore the fine lobe structure of the opaque ring scattering pattern is due mainly
to the diffraction of the light at the outside boundaries of the cell. The envelope of
the fine lobe structure (or low-frequency component of the pattern) in Fig. I is due to
the interference between the light diffracted from the inner edge (nucleus) and the outer
edge (whole cell). To summarize, then, the fine lobe structure contains information
about the whole cell size and the envelope contains nucleus and cell size information.
Tschunko (7) has found that the number of fine lobe peaks between envelope mini-

mums is independent of whole cell size and is inversely proportional to (I - A ). The
angular position, 0mij, of the first envelope minimum is given by

sin (#in) = 27rX/.(l - A )

= X/(r2 - r ) (1
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FIGURE 2 The coated-sphere model for scattering from a biological cell considers two concentric
spheres where the inner sphere of radius r1 and relative refractive index m I = v i /Xo corresponds
to the nucleus and the outer sphere of radius r2 and relative refractive index m2 = 72 /no cor-
responds to the whole cell size. The nucleus size parameter a = 2irrj /A and the whole cell size
parameter v - 2wr2 /X, where A is the wavelength of the illumination beam in the surrounding
medium. The nucleus to cell diameter ratio A = a/v = rl /r2 .

Therefore, a measurement of the first envelope lobe width will yield information about
nucleus to cell diameter ratio if the whole cell size parameter and incident wavelength
are known.
A coated sphere model (8-12) can be used to include the effects of nuclear and cellu-

lar diffraction, refraction, reflection, and absorption. This model considers two con-
centric spheres (see Fig. 2) of different index of refraction, where the inner sphere of
radius r, corresponds to the nucleus of the cell and the outer sphere of radius r2 cor-
responds to the cytoplasm. The scattering pattern for the coated sphere and the
homogeneous sphere are shown in Fig. 3 (taken from ref. 9). The fine lobe structure
for the homogeneous sphere and the coated sphere appear to be almost identical. The
coated sphere scattering pattern also has an envelope lobe structure very similar to
the diffraction pattern of the opaque ring as shown in Fig. 4. This was found to
be true for almost all whole cell sizes and nucleus to cell diameter ratios considered,
and suggests that the predominate mechanism in the scattering of a coated sphere at
small angles is the diffraction at the edge of the nucleus and the edge of the cytoplasm.
Apparently at larger angles, where the envelope structures of the coated sphere and the
equivalent opaque ring differ, the effects of refraction and reflection become more
important.

METHODS

Light scattering patterns for the coated and homogeneous spheres were computed as described
previously (9). The light scattering pattern for the opaque ring (3) was computed by using the
polynominal approximations of the first-order Bessel functions (13). Various comparisons
between these models were then made as described below.
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FIGURE 3 Logarithm of the relative intensity I vs. 0 for a homogeneous sphere with a = v = 85,
m = 1.036, m2 = 1.0 (top curve), and a coated sphere with a = 2v/3 = 56.67, V = 85, ml = 1.05,
m2 = 1.03 (bottom curve). ICs and I'S are the scattering intensities for the coated and homoge-
neous spheres, respectively. The plotting increment is 0.25° (taken from ref. 9).

RESULTS

Brunsting and Mullaney (9) have shown that the primary (i.e., high-frequency) central
lobe width for the scattering pattern of a coated sphere is predicted by the diffraction
of an opaque disk whose diameter is the same as the whole cell size for spheres with
v > 3 (i.e., larger than a few wavelengths). This result was independent of nucleus to
cell diameter ratio (A) over a limited range of refractive indices. The present tech-
nique for measuring this small-angle size information is to measure the intensity of the
scattering pattern over a small angular region within the central lobe (2,4,14). The
theoretical scattering intensity for a coated sphere measured by a single detector cover-
ing the angular region from 0' to 2' is shown in Fig. 5 as a function of whole cell size.
This low-angle light scattering information is highly dependent on the nucleus to cell
diameter ratio (A). To measure whole cell size independent of A, a different technique
for measuring the central lobe width is required. One possible method would be to
use two adjacent detectors located within the central lobe (15). The ratio of the output
of these detectors would indicate the slope of the scattering intensity pattern and thus
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FIGURE 4 The logarithm of the relative intensity vs. angular position, 0, for a coated sphere
(1,) and an opaque ring (IOR) with v = 85, A = 0.8, and Ma/M2 = 1.05/1.03. Te plotting in-
crement is 0.25°.

should indicate the central lobe width. In Fig. 6, the ratio of two 0.45° wide detectors
centered at 1.5° and 0.5° is plotted as a function of whole cell size. For v less than
50, this ratio is independent of nucleus to cell diameter ratio. For v greater than 50,
there is some dependence on A but not nearly as much as for the single-detector case

(Fig. 5). In Fig. 7, the dependence of this signal on index of refraction ratio is indi-
cated. The range of whole cell sizes over which this technique is sensitive can be
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FIGURE 5 The low-angle scattering intensity for a coated sphere integrated over the region of
0 = 0°-2° vs. whole cell size, i, for different values ofA and for ml /m2 = 1.05/1.03.

changed by using detectors located at different angles, as indicated in Fig. 8. These
curves are very similar to those given by Mullaney and Dean (15) for the diffraction of
an opaque disk, indicating that diffraction is the major mechanism determining the
central lobe width for the coated sphere.

Since the envelope structure of the opaque ring scattering pattern provided in-
formation about the nucleus to cell diameter ratio (from eq. 1), the envelope structure
of the coated sphere scattering pattern has been investigated in detail to determine if it
also contains this information. The scattering patterns for three different coated
spheres with the same whole cell size (v = 85) but with different nucleus to cell diameter
ratios are shown in Fig. 9. A "filtering" technique has been used to suppress the fine
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FIGURE 6 Plot of I(l5)/J(0.5) for 0.45° wide detectors as a function of v for (.) A = 0.7,
(o) A = 0.5, and (A) = 0.3. The coated sphere model was used with MI /m2 = 1.05/1.03.
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FIGURE 7 Plot of I(1.5)/1(0.5°) for 0.45° wide detectors as a function of v for (.)ml/m2 = 1.04/
1.025, (o) ml /M2 - 1.05/1.03, and(A) ml/M2 = 1.06/1.04. The coated sphere model was used
with A -0.7.
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FIGURE 8 Plot of 1(01)/1(02) for 0.45° wide detectors for 2 =0.5 and ( *)O 1 .0,(o) 01 = 1.5,
and (A)01 = 2.0'. The coated sphere model was used with A = 0.7 and mlI /m2 = 1.05/1.03.

lobe structure of the scattering patterns to see the envelope structure better. The scat-
tering data was averaged over a 2' rectangular window and then this window was
moved across the scattering pattern. Thus, the relative intensity at any point in the
plots in Fig. 9 is approximately equivalent to the output of a 2' wide detector centered
at that point. Three different values for nucleus to cell diameter ratio (A) are shown.
As A decreases, the angular position of the first envelope minimum decreases as does
the angular distance between maximums.

For some values of v and A, it is difficult to locate the first envelope minimum; there-
fore, let us look at the average angular distance between maximums (Z@max) A plot
of 1/sin(AOmax) as a function of nucleus to cell diameter ratio (A) for a constant
whole cell size (v = 85) results in a straight line (Fig. 10). Straight lines also occur when
1/sin(AOmax) is plotted as a function of whole cell size for different nucleus to cell
diameter ratios. The equation which describes these straight lines is

sin(z@max) 27r/v(l - A)

- /(r2 - rl). (2)

Notice that this equation is identical to eq. I for the opaque ring, which suggests that
the major mechanism in the scattering by a coated sphere is the diffraction at the edge
of the nucleus and the edge of the cytoplasm.
The average angular distance between envelope maximums (AOmax) was found to be

independent of index of refraction ratio (MI /m2, where m,I and M2 are the relative
index of refraction for the nucleus and cytoplasm, respectively). However, the angular
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position of the first envelope minimum is dependent on this index of refraction ratio.
For the limited number of index of refraction ratios considered in this study (ml /M2 =

1.04/1.025, 1.05/1.03, and 1.06/1.04), we found that the angular position of the first
envelope minimum increased by 10-20% as ml increased.
We have also noticed that the angular spacing of the envelope maximums are

uniform on an I vs. 0 plot for the coated sphere and on an I vs. sin 0 plot for the
opaque ring. One possible explanation for this is that as the angle, 0, between the
detector and the incident light increases, the apparent size of the two-dimensional
opaque ring as viewed by the detector decreases, whereas the apparent size for the
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FIGURE 10 A plot of 1/sin(AOmax), where A9max is the angular distance between envelope
maximums as a function of nucleus to cell diameter ratio, A. The coated sphere model was used
with u = 85 and ml /m2 = 1.06/1.04.
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FIGURE 11 Scattered intensity integrated over 0 = 7' to 0 = 9° as a function of nucleus to cell
diameter ratio A for (-) mI/m2 = 1.06/1.04, (A) ml /m2 = 1.05/1.03, and (*) ml /m2 = 1.04/
1.025. The coated-sphere model was used with v = 85.
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three-dimensional coated sphere stays constant as 0 increases. This difference in
envelope maximum spacing could possibly allow one to discriminate between a flat
and a rounded cell with the same size parameters.

Unfortunately, it is difficult to measure this angular distance between maximums.
One would like to find an angular region in the scattering pattern where the output
from a single detector element would yield information about the nucleus to cytoplasm
ratio. We examined the output of a single detector located within the central lobe of
the envelope pattern. The relative output from a detector covering the angular region
from 7° to 90 is plotted in Fig. 11 as a function of nucleus to cell diameter ratio. If the
relative index of refraction ratio is constant from cell to cell, the output from this
detector gives a good measure of A over the region of A = 0.4-0.8. However, the re-
sult is heavily dependent on the relative index of refraction. In fact, if A were constant,
this detector would probably result in a good measure of relative refractive index. Us-
ing the ratio of two detectors located within the first envelope lobe did not eliminate
the dependence on the relative refractive index. A more detailed study is required to
separate the effects of changes in nucleus to cell diameter ratio and relative refractive
index.

CONCLUSIONS

Four theoretical models were used to approximate the scattered light from biological
cells. By comparing the patterns of these models, the general physical processes for
the scattering in the forward directions can be surmised. We have found that the major
mechanism for the scattering at low angles is the diffraction of the light at the edge of
the cell and the edge of the nucleus. We have suggested some techniques for experi-
mentally extracting whole cell size and nucleus to cell diameter ratio.

Since the models consider an idealized cell, they ignore a number of physical param-
eters that will definitely affect the light scattering pattern (e.g., cells are not normally
spherical, the nucleus is not usually centered within the cell, all cells have subcellular
organelles). However, diffraction is still expected to play a dominate role in the scat-
tering at low angles for these other cell types.
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