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Abstract. A 3-D code for solving the set of Maxwell equations with
the finite-difference time-domain method is developed for simulating
the propagation and scattering of light in biological cells under real-
istic conditions. The numerical techniques employed in this code in-
clude the Yee algorithm, absorbing boundary conditions, the total
field/scattered field formulation, the discrete Fourier transformation,
and the near-to-far field transform using the equivalent electric and
magnetic currents. The code is capable of simulating light scattering
from any real cells with complex internal structure at all angles, in-
cluding backward scattering. The features of the scattered light pat-
terns in different situations are studied in detail with the objective of
optimizing the performance of cell diagnostics employing cytometry.
A strategy for determining the optimal angle for measuring side scat-

Canada tered light is suggested. It is shown that cells with slight differences in
their intrastructure can be distinguished with two-parameter cytom-
etry by measuring the side scattered light at optimal angles. o 2005
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1 Introduction organelles dominate the side scattering. In previous analyses,

The optical diagnostic technique is potentially capable of cells are modeled as regularurjiform sphere.s. Thergfore, these
rapid, noninvasive assessment of biological cells and tissuesréatments are unable to predict the behavior of side scatter-
at a cellular level. The basis for all these applications is a N9 @nd users of cytometry select the angle of side scattering
fundamental understanding of the interaction of light with Pased on experience. To address the determination of an op-
biological materials, i.e., light propagatidgmcluding absorp-

timal observation angle in cytometry, a complete consider-
tion and scatteringin biological cells and tissues. Light

ation of light scattering from cells in realistic situations is
TR . . : . hecessary.
propagation in biological cells is dependent on the tissue’s . . . S
morphological and biochemical structure. This kind of depen- | . In t_he analysis of the _propaga_tlon and scatterlng of light in
) o S . biological cells, the basic equations that govern light propa-
dence provides the possibility of obtaining information about . . ) . '
. . - . gation and scattering are Maxwell's equations. A direct ana-
the biological medium from the measured scattered light. . ; , . . .
. . lytical solution for Maxwell’s equation for light scattering
Cytometry is a technique that makes use of the measured . TR L : -
: o S from cells in realistic situations is impossible. In cell diagnos-
scattered light to distinguish cells and has been applied in cell .. . .
. - . . . tics, knowledge of two aspects are needed: for a given cell
diagnostics for many years. Physically, light scattering occurs A S
7 . . S shape and refractive index distribution, researchers hope to
when the refractive indegor dielectric constantis different - L
: . . exactly predict the scattered light; and from measured scatter-
between two different media. Therefore, the scattered light . o
. . ing data, one hopes to deduce the cell shape and its internal
depends only on the shape of the interface and the electric . . .
properties of each medium. Although a biclogical cell is com structure. There are no simple mathematical models that link
S . S . the expected scattered light to realistic biological cells—onl
plex in its functions for a biologist, the cell is thought of by a P 9 g y

hvsicist ntinuum containing different oraanell nd a few empirical expressions exisSome approximate theo-
physiCISt as a continuum containing . ere . organeties a. ries are usedsee Ref. 2 for examples and references thegrein
subcomponents of organelles, each with a different refractive : L .
. . . but their applications are limited.
index. Although cytometry is a well-established research and

linical di ties tool that h p ‘ With advances in computational techniques, the numerical
clinical diagnostics tool that has seen many relinements, SOMey o yymant of Maxwell’'s equations provides an accurate way to
issues remain unclear. One example is the selection of the

. . . ) address the issue of light scattering. There are several numeri-
optimal angle for measuring side scattered light. Generally

. . ; : cal studies reporteti® The finite-difference time-domain
speaking, the cell size dominates forward scattering and the(FDTD) method has been used to simulate light scattering in

biological tissues and cells over a given angular réhgbe
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z (B Fig. 2 The schematic figure of the Yee discretization scheme.

Fig. 1 The geometry of the FDTD computation domain.

2.1  Maxwell’s Equations and Their Discretization

The propagation, absorption, and scattering of laser light in
any media is completely described by Maxwell's equations. In

the absence of the absorption and additional sources, the
equations read:

FDTD method was first developed for calculating radar cross
sections and can be applied to the case of complex schitters.
Typical biological tissues and cells have irregular shapes and
complex structures. Therefore, the FDTD method is a good

choice for analyzing light scattering in biological cells. JH 1 -
The motivation for the work is the development of a com- o ;V XE, (1)
putational tool that can be used for a complete and accurate
understanding of light scattering in biological cells. A 3-D R
FDTD code is developed to simulate the light scattering from JE 1 -
biological cells in realistic situations for all angles. The code ot ;V XH. 2

that is described can serve as a tool to predict the scattered

light from arbitrary cells. Furthermore, the features of the In the Yee discretization schemehe six components of the
scattered light pattern are studied in detail for particular cell electric and magnetic fields are separated from one another by
types. These can advance our knowledge of options that maya distance equal to 1/2 times the grid spacing, as displayed in
be available in two-parameter cytometry. A method for deter- Fig. 2. The Yee algorithm is a second-order, explicit, center-
mining the optimal observation angles for side scattered light difference scheme. If we select the computational domain
is suggested. The remainder of this work is arranged as fol- such that only components of the electric field lie on the do-
lows: in Sec. 2, a complete physics description for the code is main surfaces and the grid is numbered from 1ntg(s
given; and in Sec. 3, features of the scattered light are dis- =x,y,z), then the discrete form of the curl equations for the
cussed in the view of cell diagnostics in two-parameter cy- electric and magnetic fields is as follows:

tometry. A method for selecting the best angle for side scat-

tered light is suggested. This is followed by a conclusion. H,|nt 12_y In+1/2
z

i,j,k zli,j—1k
Ay

+1
EX in,j,k:Exlin,j,k—'—At/Si,j,k

The FDTD method dates back to the 1960’s, when Yee first Az )

suggested his particular discrete scheme for Maxwell's

equations. In the last two decades, the FDTD method has where € )k and u; ; , are values of permittivity and perme-
rapidly progressed with developments in computational ability at point(i,j,k), respectivelyAt is the time step. Sub-
technology In this section, we outline our implementation of ~ scriptsi, j, andk represent the grid numbers iq y, and z

the code. Figure 1 gives the geometry used in our FDTD directions.AX, Ay, andAz are the grid spacings ix y, and
simulations. The entire calculation domain consists of the z directions, respectively. Other components of the electric
boundary, the near-to-fAINTF) field interface and the total and magnetic fields may be obtained in a similar fashion. It
field/scattered field TF/SP interface. The scatter§.e., tis- has been proven that in the Yee discretization scheme, the
sues or cells are assumed to be located inside the TF/SF divergence equations of Maxwell's equations are automati-
interface. The cell structure is modeled by assigning values of cally satisfied. The Courant condition for Eq(3) is given

the permittivity to the various cell components. by:®

2 Basic Equations and Methods - Hyl 2= H, ,“f&’ﬂ)
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Three-dimensional simulation . . .

1 2.4 Near-to-Far Field Transformation
Ates 1 1 1 72 4 In most physical situations, the interest is in the scattered light
c + + far from the scatterer itself. However, FDTD computations
(Ax)?  (Ay)? (Az)? can only be used to obtain the scattered electric field and

magnetic field close to the scatterer. The technique of equiva-
lent electric/magnetic currents is used to calculate the scat-
tered field at a distance by using the near-field data. The NTF
interface is an enclosure surface that is virtually located in the
our computations can only be conducted in a limited spatial scattered field domain, L€ between the _ca_llculated dc_)mgln

boundary and the TF/SF interface. The radiation source inside

dc.)malln. Special .boundary conditions myst be applied to M the NTF interface can be equivalently represented by virtual
mize light reflection from the boundary in order that the light . = . - .
electric currentdg and the magnetic curreng, which flow

appears to be propagating as if it were in an unbounded space. - :
TEZre have bgenpngmergus boundary conditions reportgd to" the NTF interface. These are defined by:

address this issue. Three of the most frequently used boundary oL e e . =

conditions are the Mur boundary conditidthe Liao bound- Js(r')=soxXH, M(r')=—soxE, (6)
ary condition? and the perfect matched lay@ML) boundary
condition®® In our code development we have tested all three
of these boundary conditions. In the simulation presented in

this work, the Liao boundary condition has been used.

wherec is the light speed. It has been sugge$tétht the
spatial grid spacing must be less thefi0, where\ is the
wavelength of the incident light.

Although light actually propagates in an unbounded space,

whereE andH are the calculated electromagnetic fields on
the NTF interface, and, is the unit vector normal to the
interface. There are two strategies that can be used to imple-

ment the NTF field transformation: the time-domain approach

and frequency-domain approach. We employ the frequency-
2.2 Total Field/Scattering Field Formulation domain NTF transformation. In this method, all components
The total field/scattering fieldTF/SB technique is used to  of electromagnetic fields are transformed from a time-domain
input the incident light and to extract the scattering field from value into a frequency-domain value by using the discrete
the total field. This technique simplifies the implementation of Fourier transform(DFT). By using a spherical coordinate sys-
the scattered field calculations. The total field is calculated tem (r,8, ), where @ is the angle between andz, the far-
inside the TF/SF interface in Fig. 1. Outside the TF/SF inter- field calculations are performed as follows:

face, only the scattered field is calculated. From the linearity

of Maxwell’s equations, we have: E, =0, (7)
Etot=EincT Escas Htot= Hinct Hsca: 5 jk exp(—jkr)
- OB AN 8
Therefore, values of the incident light are required only on the 0 ATt ¢ e 7 ®
TF/SF interfaces to connect the field calculation between the
total field domain and the scattered field domain. . .
jkexp(—jkr) 7
E¢:_ 4 0 _N¢ ! ©)
. . . r €
2.3 Incident Light Calculation
One can calculate the incident light on the TF/SF interface H.=0 (10)
either directly from the waveform formula, or by following t
the approach of a table look-up procedure introduced by ) .
Taflove® and Oguz and Gurét. We follow the second ap- H _ikexp(—jkr) ( N — \EL ) (11)
proach, which is better in reducing errors caused by numerical 0 Ay ¢ w o)
dispersion. When the incident light is a plane wave propagat-
ing along 'ghe_positiva’_ dire(_:tion, values of the incident elec- jk exp( — jkr) P
tromagnetic field are obtained from the 1-D Maxwell equa- Hy=— S P— Ne+ \/ = Lo/ (12
m s

tions. Thex or y components of the incident electromagnetic
fields at each grid of the TF/SF interface are then easily ob-
tained by using the polarization property of the incident light.
To avoid high-frequency components that may be intro-
duced by a sudden onset of the incident wave, the Hamming

function is used for describing the magnitude of the startup of ,\]:j f (fJ +fJ +KJ Jexp(jkr’ cos®)dS
the incident light: NTE YT :

vyherek is the wave number. The equivalent potentlﬁland
L are defined as:

0 if t<0 R - R -
g(t)={ 0.5-05co§mt/AT) if O<t=<AT, '-:f fNTF“Mx“Mv*"MZ)ekar cos)ds,

1 otherwise where the integrals are over the entire NTF interface. The
whereAT denotes the startup time. In our calculatid is angle between the equivalent source paihtand the field
selected to bev/2, wherew is the angular frequency of the point r is given by ®, which can be approximated as:
incident light. r' cosd=x’sin@cos¢p+y’ sindsin¢p+z' cosé.
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Fig. 3 Results from FDTD and the Mie theory versus cell size. m=n,/n;=1.19; FDTD is the O; and Mie is the solid line.

Once the scattered fields are known, all quantities of inter- theory results in both cell size and scattered angle scaling.
est regarding the light scattering can be calculated. For ex- Our calculations are valid over all scattering angles. To get the
ample, the time-averaged Poynting flow of the scattered field, agreement at large angles approaching 180 deg, the effect of
or the scattered light intensity, at a far po{nt 8, ¢), is given the numerical dispersion in the calculation of the far fields
by: must be minimized, and the scattered field must be calculated

to a high precision. One of the factors affecting the precision

1 L 1 . of the scattered field is multiscattereing, which refers to light
106, ) ) Re(E,Hy) + 2 Re(—E4HY), (13 that is scattered many times within the cell. A sufficiently long

simulation time is necessary to ensure that multiscattering ef-
2.5 Implementation and Validation of the Numerical fects are properly taken into account. _
Code The TF/SF approach implies that if there is no cell present,
then in the TF domain the electromagnetic fields are purely
incident fields, and in the SF domain the electromagnetic
fields are equal to zero. Figure 5 displays the calculated value
of E, in Xx—2z plane, withy being 2.133um from the FDTD
boundary at time stept="725.1t is clearly shown that in the
TF region (the center area of the plptE, has a sine wave
form along thez axis and is constant along theaxis. In the
SF region(border area of the plptthe maximum value of,
is very small, and is close to 0. In this calculation, the TF/SF
interface is located 0.474m from the FDTD boundary. To
give a quantitative result, Fig. 6 displays tkg waveform
along thez axis, with x being 2.133um from the FDTD
boundary. Other parameters in Fig. 6 are the same as those in
Fig. 5. It is shown that in the SF regioitwo ends of the
curve, E, is of the order ofl0 ®V/m, as is expected. The
ramifications of the high accurary of the TF/SF implementa-
tion is the ability to reproduce light scattering at large angles
where the intensity level is very small.

The computer code is written in FORTRAN 90 and the re-
ported computations were carried out on Silicon Graphics Inc.
(SGI) parallel computers. In most of the cases considered, the
grid spacing used was/20 and the time step was equal to
0.8At.. Code validation was accomplished by comparison
with Mie theory results. Unless noted otherwise, all calcula-
tions in this work use the following parameters: the plane
wave is assumed incident along the positavdirection (i.e.,
0=0 deg, the incident electric field is parallel to the-z
plane(i.e., =0 deg and its amplitude is 1 V/m, the free-
space wavelength is 0.6328n, the surrounding medium has
a refractive index of 1.335, the cell has a refractive index of
1.591, and the position of the TF/SF interface is located 19
grid cells away from the boundary. The NTF interface is lo-
cated 16 grid cells away from the boundary.

For the case of a plane wave incident on a uniform sphere,
the scattering pattern can be described by the Mie theory. We
have compared the FDTD results with those of the Mie theory
for cases where the cell size and the scattering angle are var- . .
ied. Figure 3 displays the scattering intensity versus the cell 3 Features of Light Scattering from Cells
size at6=0 deg. Figure 4 displays the scattering intensity Over the past decade, a significant theoretical, computational,
versus the scattering angle. These two figures demonstrate thend experimental effort has been devoted to the exploration of
good agreement between our FDTD calculations with Mie the dependence of the scattering pattern on cell
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Fig. 4 Results from FDTD and the Mie theory versus 8 at ¢=0 deg. The cell radius is 1.5 um; m=n,/n;=1.3; FDTD is the O; and Mie is the solid
line.

properties*12-14|n general, the cell size dominates the for- because the side scattered light intensity is very sensitive to
ward scattered intensity if the cell is surrounded by a medium the fine cell structure, especially organelles. We call this two-
with different refractive index. The nucleus is responsible for parameteiforward scattering and side scattenirgytometry.
the scattering at slightly larger angles. Small organelles, or The cells are distinguished by displaying the measured data in
subcomponents of the cell, are responsible for the scattering2-D coordinates of g5 and s, where subscripts FS and SS
that occurs at larger angles. Light scattering in the near back-represent the forward scattered and side scattered light inten-
ward direction is mostly due to the larger structures within the sity, respectively. The different types of cells have different
cell, such as the nucleus. values ofl ggandl g, therefore they are in different positions

In cell diagnostics, if the size of cells to be diagnosed are in thel ss1ggplot. If | sgandl s for different types of cells are
significantly different, they are differentiable by only measur- close to each other, these cells are difficult to distinguish. A
ing the forward scatteredS) light intensity’® When the cells good situation for cell differentiation is that for the same type
to be diagnosed are similar in size, such as monocytes andof cells they are close to each other in thg | g5 plot, and for
granulocytes in blood, a second parameter is required to dis-
tinguish them. The popular technigue in present cytometry

devices is to measure the side scatte(®8 light intensity, . i T N A ' ]
\ N N Al N A\ A
Y i i P 4 ) /i
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Fig. 6 E, wave form along the z axis without cells. E, data are the
same in these two plots. The y axis in the upper plot indicates the
Fig. 5 E, wave form in the x—z plane without cells, where y is 2.133 value of E, in units of v/m. The y axis in the lower plot indicates the
um from the FDTD boundary. logarithm of absolute value of E, .
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Fig. 7 The scattered light patterns for different refractive indices at ¢=0 deg. Solid line is cell A; and the dot-solid line is cell B.

different types of cells they are far enough away from each that the selection of the size of the averaged area as defined by
other. Because the intensity of side scattered light and the 56 and d¢ is also helpful for cell differentiation.
differences in the side scattered intensity for different cells are  In the remainder of this section, we present examples that
all sensitive to the angl®, the following question emerges: demonstrate how the features of light scattered from a cell can
how to select an optimal angle for measuring the side scat- be determined, and how the strategy introduced earlier for
tered light so that the cells are most distinguishable? Due to determining the optimal angle for measuring side scattered
the complexity of solving Maxwell’s equations, previous light can be used in cell diagnostics based on two-parameter
theories fail to give a clear answer to this question. Fortu- cytometry.
nately, our 3-D simulation is able to address this issue.

In two-parameter cytometry, the usual technique that is 3.1 Case 1: Cells with the Same Structure but
used to distinguish cells is to put the measured data wya Different Refractive Index
plot: thex axis represents the FS intensity and yhaxis the
SS intensity. The cells become distinguishable when these
scattered data appear separated from one another ix-yhe
plot. We introduce a quantityl to express the normalized
distance between two cells in they plot:

For simplicity, we first assume that there are two types of cells
with the same size and structure but with a different refractive
index. Cells A and B are assumed to be spheres with a radius
of 3.0 um. The nucleus with a radius of 14m is located in

the center of the cell. There are six subcomponents, each with
a radius of 0.8um located on the coordinate axis 2uin

=L FS” FS™ 1)2+(|55/|SS 1AM, (14) away from the original. The refractive index for cell Ais 1.38

where superscripta andb represent the cell types. From the for nucleus and subcomponents and 1.36 for cytoplasm. The
definition we know that the magnitude of ti# value reflects refractive index for cell B is 1.41 for the nucleus and subcom-
the distinguishability of the cells. The larger the difference in ponents, and 1.375 for cytoplasm. The refractive index of the
5l between different types of cells, the better is the distin- surrounding medium is assumed to be 1.33. In practice, the
guishability of the cells. Because the dependence of the scat-angle used in measuring side scattered light is in the vicinity

tered intensity org is sensitive for large cells, the value 6f of 90 deg or less. Our calculations are carried ddess than
is also sensitive td@. In practice, the measured light is taken 130 deg. Figure 7 displays the scattered intensity vefsais
over a range of angles in space, so we introdéicethe area- ¢=0 deg(parallel polarization, i.e., the scattered light is mea-
averagedsl : sured in the plane parallel to the incident electric fiekigure
8 displays the scattered intensity versuat $=90 deg(per-
Fs“ b~ 1)2+(|sd|ss 1)2142 (15) pendicular polarization, i.e., the scattered light is measured in

the plane perpendicular to the incident electric field is
where the overbar denotes an area-averaged operatlon shown that the scattered light patterns for two cells are similar
=[Ids/[ ds, and the integration is over the cross section of and are barely distinguishable for masangles, except for a
the measured scattered light. In this work, the area to be av-small range of angles around 90 deg for incident light with
eraged is indicated by a dimensid#x é¢. Later, we show perpendicular polarization. However, the intensity value of

Journal of Biomedical Optics 014007-6 January/February 2005 * Vol. 10(1)
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Fig. 8 The scattered light patterns for different refractive indices at ¢=90 deg. Solid line is cell A; and the dot-solid line is cell B.

fringer peaks of cell B is always larger than that of cell A. For ing the dependence @ on 6, Sl is less sensitive t@ when

a_mgle_s othe_r than where peaks occur, the value of the scattereqlhe averaged angle increases. Therefore, an opﬁnhﬂ bet-

light intensity of the two cells is very close. Therefore, the o g iteq for diagnostics use. These two figures show that

ggf:erﬁggitt'%rr'] ?geth:ns;ew\\:v%gglfhg‘ St?zé rFejlgtIilgShﬂ;Orglgelgsure éhese two types of cells are distinguishable over a large range
of @ for both =0 deg and$=90 deg. If$=0 deg, the opti-

if the measured intensity is taken from a point, or from a very A
small area. These features can be better displayed by using th&"@! angles lie in the small range of around 70 or 100 deg. If

averageds! parameter as shown in Figs. 9 and 10 &0 ¢=90 deg, the optimal angles lie around 100 deg. In short,
and ¢=90 deg, respectively. It is shown that when consider- only cells with different refractive indices are easily distin-

30 T T T T T T T

averaged 31
o
L}
1

ol S L 1 L . B
0 20 40 60 80 100 120
0 (degree)

Fig. 9 The area-averaged 81 versus 6 at ¢=0 deg. Solid line is the average over 8.4 deg; and the dotted line is the average over 3.0 deg.
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Fig. 10 The area-averaged 81 versus 6 at ¢=90 deg. Solid line is the average over 8.4 deg; and the dotted line is the average over 3.0 deg.

guishable by using two-parameter cytometry at most angles. angular ranges. Furthermore, the polarization property of light
However, some optimab angles still exist for the case of is important for determining these optimal angles.
polarized light. The optimal angle can be determined by our

3-D numerical simulation.
3.3 Case 3: Nonspherical Cells

In most cases, cells are modeled as spheres. This type of
approximation can sometimes make analytical analysis pos-
sible. One such example is the Mie theory. However, many
In practice, there are often several types of cells in a sample, realistic cells are nonspherical. For nonspherical cells, the cell
which are similar in size, e.g., lymphocyte, monocyte, and orientation will affect the pattern of scattered light. In other
granulocyte in a blood sample. Here we assume that there arevords, for the same type of cell, the scattered light pattern
three types of cells with a radius of 4un. CellAhas asmall ~ may be different due to the orientation of these cells. This will
1-um nucleus. Cell B has a large nucleus of 2/08. Cell C cause difficulty in cell differentiation. Minimizing the differ-
has 72 organelles distributed within the cell. The radius of ence in the scattered light pattern for the same type of cells
each organelle is assumed to be Q8. The refractive index  will be helpful for cell differentiation. Figure 14 displays the

of the nucleus and organelles is assumed to be 1.38. Theintensity patterns for an ellipsoidal cell when it is placed in
refractive index of the cell cytoplasm is 1.36 and the refrac- one of two ways: the major axis along thexis or transverse
tive index of the surrounding medium is 1.33. The volume- to thez axis. The refractive indices for cytoplasm and nucleus
averaged refractive index of cells B and C are the same. Fig-are 1.36 and 1.38, respectively. The radii of major and minor
ure 11 displays the scattered pattern from these three cells. Itaxes for the cell are 3.0 and 2i4n. The radii of major and

is shown that the patterns of scattered light are very similar minor axes for the nucleus are 1.0 and Q8. It is obvious

and are barely distinguishable. Figures 12 and 13 display that the scattered light patterns in these two situations are
versusd for parallel polarization and perpendicular polariza- different, and for some particular angles the difference is very
tion, respectively. It is shown that polarization properties can large. Figure 15 shows the distinguishability of these two po-
influence cell identification. In this case, when the side scat- sitions: only in a few narrow angular ranges are the plots of
tered light is observed at=0 deg, these three types of cells these two positions very close, such as from 80 to 120 deg.
are only slightly distinguishable in two very narrow domains Because one hopes that the scattering from the same type of
of §around 70 and 100 deg, respectively. However, when the cells is as similar as possible, the optimal angle for minimiz-
side scattered light is observed 490 deg, the light scat- ing orientation effects can be selected based on the results in
tered from these three type of cells is very distinguishable for Fig. 15. It is necessary to understand that orientation of non-
0 in the range of 70 to 110 deg. Therefore, for polarized spherical cells also affects the cell distinguishability, and that
incident light, the selection of the angikis sometimes im- the optimal angles for the minimizing orientation effect of
portant. It can be concluded that cells with similar sizes but nonspherical cells in th&-y plot can be found by our 3-D
different structure are distinguishable only in some particular calculation.

3.2 Case 2: Cells with the Same Size but Different
Structure
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Fig. 11 The scattered light patern for cell A (dot-solid line), B (solid line), and C (plus-solid line) at ¢=0 deg.

4 Conclusions find optimal angles where the cells are most distinguishable

A 3-D FDTD code is developed to simulate light scattering When using two-parameter cytometry. Our calculations also
from complex cells and tissues in realistic situations. The Show that by selecting suitable scattering angles, cells with
code is also capable of accurately calculating backward scat-slight differences in their intrastructure can be distinguished
tered light. The simulation results provide an accurate descrip- with current cytometry techniques.

tion of the scattered light given the shape, structure, and elec- A detailed analysis of the angular dependence of the scat-
trical properties of cells. By introducing a normalized, area- tered light in two-parameter cytometry is carried out. It is
averaged quantityl , we present a method that can be used to shown that when the incident light is polarized, cell distin-

averaged 81
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0 (degree)

Fig. 12 The area-averaged 31 for parallel polarization. Curve a: monocyte; curve b: granulocyte.
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Fig. 13 The area-averaged &/ for perpendicular polarization. Curve a: monocyte; curve b: granulocyte.

guishability is dependent on the incident light polarization. angular space to find a set of optimal valuesd@nd ¢. Cells
Some cell types are more easily distinguished by using with differences only in the refractive index are distinguish-
parallel-polarized light, whereas other cell types are more eas-aple at almost any angle; however, some optimal angles exist.
ily distinguishable by using perpendicularly polarized light. celis that have a similar size and an averaged refractive in-

This feature of the scattered light suggests that it is also im- yey ¢ differ in their internal structure, are distinguishable
portant to select a suitablé angle in cell diagnostics. In our

calculations we have only displayed two cas¢s:0 deg and
#»=90 deg. In practice, we can sc@and ¢ over an entire

only over some special angles, and light polarization is im-
portant for cell distinguishability.

LOG10(1(6)/1(0))
b

7 4
_8 -
b
9ol 4
—10 1 1 1 ! | |
0 20 40 €0 80 100 120
0 (degrees)

Fig. 14 The scattered intensity at ¢=0 deg for an ellipsoidal cell placed in different orientations. Curve a: major radius along the z axis; curve b:
major radius transverse to z axis.
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Fig. 15 The area-averaged 81 at =90 deg for an ellipsoidal cell placed in different orientations.

Due to the irregularity of cell shapes, cell orientation can and electric conductivily The 3-D simulations provide a
also considerably affect the scattered light pattern. In cell di- bridge that can connect the scattered light with the cell mor-
agnostics, the best angle for detecting the FS and SS light isphological and biophysical structure in realistic situations.
the one in which the dependence on orientation is small for a Therefore, 3-D simulations can serve as a powerful tool not
given cell but large for other cell types. This can be deduced only in the accurate prediction of scattered light features, but
by careful examination of thel plot, as shown in the last  also in the exploration and assessment of cell structure and its
section. physical parameters.
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