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Three-Dimensional Computation
of Light Scattering From Cells

Andrew Dunn and Rebecca Richards-Kortum

Abstract— Using the finite-difference time-domain method, makeup of the tissue and will influence the amplitude of the
three-dimensional scattering patterns are computed for cells scattered light. A larger difference in the index of refraction
containing multiple organelles. The scattering cross section and between a cell component and its surrounding will result in
average cosine of the scattering angle are computed for cells as. ) . - .
a function of volume fraction of melanin granules and mitochon- increased Scat_te”ng' A better understand_lng of the relationship
dria. Results show that small organelles play a significant role in between the biochemical and morphological structure of cells
light scattering from cells, and the volume fraction of organelles and light scattering will aid in the development of diagnostic
affects both the total amount of scattered light and the angular applications.
distribution of scattered light. Mie theory has been used to approximate tissue scattering at

the cellular level by assuming cells are homogeneous spheres
|. INTRODUCTION of a single size [5]. While Mie theory has been successful in

RECENTLY, the potential of diagnostic optical imag_describing light propagation in bulk tissue, it cannot describe

ing has generated considerable interest in the optiéﬂ? light interaction with complex structures such as individual

properties of tissues and cells at near infrared Wavelengtf'ig,IIS containing multiple organelles. Mie theory can describe

where scattering is dominant over absorption. Both direct alltf scattering of ind.ivid.ual spherical organ.ell'es, but it cannot
indirect imaging applications rely on the scattering properti@count for a combination of organelles within a cell.

of tissue to infer information about the physiological state of 10 @ccount for scattering that arises from inhomogeneous
the tissue. Confocal microscopy [1] and optical coheren@PI€Cts of arbitrary shape, a more complex model is needed.
tomography (OCT) imaging [2], which are direct imaging{,n this paper we present the application o_f the f|n|te-(j|ﬁerence
techniques, provide high-resolution images of human tigsuelime-domain (FDTD) method to model light scattering from
vivo by constructing a three-dimensional (3-D) backscatteriff!lS containing multiple organelles. The FDTD technique
map that is a direct image of tissue morphology. Indire} @ Powerful computational method that is a full vector,
techniques, such as near infrared spectroscopy techniques Solution of Maxwell's equations. Complex objects of
relate changes in the amount of diffusely backscattered Iig‘”ﬂfy dielectric ,StrPCt“fe can be modeled, and the scat_te.red
to the optical properties of tissue [3], [4]. Attempts to re|atglectromagnet|c fields can be calculated for ceII_s c_ontglnmg
directly or indirectly measured changes in tissue scatterifigucleus and other organelles. The angular distribution of
to cellular physiological differences, such as those betwespAttered light, or scattering pattern, anisotropy vajyend
normal and cancerous cells, have been difficult since tREAUENNg cross section are computed. Simulations of cells
mechanisms by which cellular changes affect light scatteriﬁ&nta'”'ng various volume fractions of various organelles.are
are not fully understood. This is primarily due to the difficulyPerformed to assess the effect of these organelles on tissue
in describing scattering at the cellular level since cells apgattering. Specifically, mitochondria and melanin are studied

complex structures with a spatially varying index of refractiorpinCe it has been suggested that each plays an important role in

There are two important parameters that influence the scigsue scattering. In the first section the FDTD method is briefly

tering properties of tissue: tissue morphology and bioche/fitiinéd, and sufficient detail is provided to implement the
istry. Tissue morphology, or the relative size of organellég‘:hn'q“e for cell scattering calculations, then some example
and cells with respect to the wavelength of light, affects tH&SUltS are presented.
angular distribution of the scattered light. Generally, a tissue
cqmponent yvhose size is smgll compared to the wavelength Il. EDTD METHOD
will scatter light more isotropically than larger components,
but the total amount of scattered light will be less for the , )
smaller component due to its smaller size. The index &f Ye€'s Algorithm
refraction of each component is determined by the biochemicalThe FDTD method, first described by Yee [6], is a direct
. . . _solution of Maxwell's equations in the time domain. It has
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Yee’s algorithm begins with Maxwell’'s two curl equations ﬁ
- oH
VXxE=—-pn— 1
X Ly 1)
. o 7 Bound
VxH=oE+2E Conditons

at

and discretizes them in space and time, resulting in a set¢
of six explicit finite-difference equations. The electric and
magnetic fields are spatially and temporally offset on a 3-
D grid. Examples of the finite-difference equations for the
component of the electric field,, andy component of the
magnetic field,H,,, are

EtHi+1/2,5,k)

dt
=E"(i+1/2,5,k)+ ——

w(l"i_ / 7J7 )+6('L+1/27J7I€)d{];’
x [HIPY2(i4-1/2, 5+ 1/2,k)

- Hg+l/2(i + 1/27J - 1/27 k)

11 wm

Fig. 1. Geometry of the FDTD simulation demonstrating how the cell is

+ H;L—I—I/Q(i + 1/2,j, L — 1/2) constructed by assigning each component a different index of refraction.
n+1/2/. K
-4, / @+1/2.5,k+1/2)] (@) paper a sinusoidal plane wave source of the fetnfwt) is
Hp 2304 1/2,5,k +1/2) propagated in ther-z direction.
:Hg_l/Q(i +1/2,5,k+1/2) As illustrated in Fig. 1, the cell is constructed within the
+ grid by assigning a value of the permittivity to each region, or
+ M[EQ('L' +1,5,k+1/2) organelle, within the cell. In this way, the cell is constructed

oo as a dielectric object that can have any number of components
- B2 5k +1/2) of varying shapes and sizes.

+ B (i +1/2,5,k) The total size of each problem is limited, however, by
—E2(i4+1/2,4,k+ 1) (3) computational considerations since the grid spaeimgnust

. . : . ) be less thar\/10 [11]. This is due to the discretization of the
Similar equations exist for the remaining electric and magneyg, s and step sizes greater than this lead to unstable results.
field components [11]. In (2) and (39"’]_’ k) is the location gqp eqch simulation, values of the six field components and
of a grid point, andix anddt are the spatial and temporal Stepye mitivity must be stored in memory at each point in the
sizes. The time step is |nd_|c.a'Fed by the supgrsm;pand € computational domain. Thus the size of the computational
and . are the electric permittivity and magnetic permeabﬂnydomaim and therefore storage requirements, are dictated by
respectively. The six finite-difference equations are steppggh \yavelength and size of the object. In three dimensions,
in time, alternately updating the electric and magnetic fiel\,o, moderately sized problems will exhaust the capabilities

components at each grid point. of current personal computers. However, the FDTD method is

To simulate pr_opagation in an ur_1bounded medium,_ spec\lﬁé" suited for parallel processing [17], making 3-D problems
boundary conditions must be applied to the tangential el%—

e ; ore tractable.
tric field components along the edges of the computational
boundaries at each time step, as indicated in Fig. 1. A varieéy Far-Field Transform

of boundary conditions exist [12] and are usually based _ ) )
on either a solution of the wave equation [13], [14] to The FDTD method computes the fields in a region around

prevent artificial reflections at the edges of the computatiorf@€ Cell that lies in the near field. To determine the far-field
domain or an artificial material absorber around the edges3gAttering pattern, the near-field data can be transformed to the
effectively damp out any reflections [15]. The second-ord&" field by weighting it with the free-space Green’s function
Mur absorbing boundary condition was used in this paper [Ld integrating over a surfacg surrounding the cell (Fig. 1)
The incident wave is not included in the finite-differencé]: [18]- ] ) _ ]
equations for the field components and therefore is applied!he near-field time-domain values are first converted to
separately. The total field/scattered field formulation [16] cdf€ frequency-domain values with a discrete Fourier transform
be used to propagate a variety of excitation Waveforn-E.,g], 'a.nd the equivalent eIe(;trlc and magnetic surface current
including a continuous sinusoid and a Gaussian pulse. In tAgnsities,/; and M, are defined on the surfaceas [20]
formulation the linearity of Maxwell's equations is used to fs(;/) —hx H (4)
split the total fields into incident and scattered fields. In the i (F) = —h x =
interior of the computational domain, the total fields (incident ®
and scattered) are calculated, while around the edges Wheere’ is a point onS and 7 is a unit vector normal to
scattered and incident fields are treated separately. In tRiswhere the origin of the far-field transform is located in the
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Fig. 2. Scattering patterns for a cell with only a nucleus and cytoplasm (solid line) and a cell with mitochondria [8.5% volume fraction (dotted line)]

center of the grid. The vector potentialsand #' are computed TABLE |
by numerically integrating/, and M, over the surfaces INDEX OF REFRACTION VALUES USED IN THE FDTD SMULATION
Je—ikr Cell Component | Index of Refraction | Reference
A= “7 / / Tk’ cost g (5) “oxtracollular flwid | 1.3 28]
k cytoplasm 1.37 [29]
I -1 1.39 [29]
F = M kv’ cos nucleus
drr / / © s’ mitochondria 1.42 [30]
melanin 1.7 [31]

wherer is a point in the far field and) is the angle between
and7’. The far-field electric and magnetic field components,
in spherical coordinates, are then given by of refraction of cells and organelles, and the values listed
] in Table | were taken from the literature and used in these

Eo = —jw(As +n0ky) (6)  simulations. The cell shown in Fig. 1 is ellipsoidal with a
Ey = —jw(Ay —noFp) mean diameter of approximately 34n and the diameter of
Hy = j_w(A o FY) the nucleus is 3im, while the diameter of organelles, such as

g e T ete mitochondria, is uniformly distributed between 0.4 angr.

The simulation program was verified by computing the
scattering pattern of homogeneous spheres ranging in diameter
from 1 to 12u:m and comparing the results to Mie theory. The
wheren = /u/e. The far-field scattering patterfi,(6, ) is  grid spacing in the simulations wag20 (A = 900 nm) and a
defined by sinusoidal source, propagating in the direction, was stepped

in time until sinusoidal steady state of the scattered fields was

Fo(0,¢) = (E0H¢) + §R( E Hj) (7) reached, which typically required 3 to 4 passes through the

grid. After completion of the time stepping, the scattering
where 6 and ¢ are the angles measured from theand = pattern,F,(6, ¢), was computed in one-degree increments for
axes, respectively, in spherical coordinates. Physically, thisth ¢ and$. Simulations were run on a Cray J90 computer,
represents the scattered intensity at any point in the far fielhd each simulation typically required approximately 100
Other parameters such as the anisotropy and scattering cigggord of storage and 30 min of system CPU time for 8-
section can be computed from the scattering patféi#, ¢) diameter object. The FDTD computed patterns agreed with the
(see Section IV). Mie theory patterns to within 1%—2% at all angles.

r’w
Hy = —J?(Ae + 770F¢)

Ill. SIMULATION PARAMETERS IV. RESULTS

An FDTD code was written to compute the far-field scat- The scattering patterns for two cells are plotted in Fig. 2.
tering pattern of cells containing multiple organelles. In Fig. The lower curve is the pattern for a cell with only a nucleus,
a cross section of a typical cell is shown, where the shadetiile the other is for the same cell containing a nucleus and
regions represent different values of permittivity, or index ahitochondria with a volume fraction of 8.5%. The scattering
refraction. There have been few published reports of the indpatternF; (6, ¢), has been averaged over the azimuthal angle
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Fig. 3. Scattering patterns for a cell with only a nucleus and cytoplasm (solid line) and a cell with melanin [8.5% volume fraction (dotted line)].

and is therefore only a function af pattern was normalized to obtain a phase function
F(o
I p——L . — ©
1 2 J F(0)sin6dé
F(6) = 5 [ F6. )0, ®) 0
0 The average cosing, of p(f), was then computed

The pattern is highly peaked in the forward direction, and 9= /p(e) cos 6'sin fdf. (10)
the largest differences in amplitude between the two cells occur 0
at angles above 90 Below 90 the relative difference in This value ofg was then used for the Henyey—Greenstein
amplitude is less pronounced. phase function to compare the phase functions. Fig. 4(a) and

In Fig. 3 the scattering patterng(#), for a cell with a (b) shows the comparison of the Henyey—Greenstein and
nucleus only and a cell containing a nucleus and melanin witbmputed phase functions for the cell containing mitochon-
a volume fraction of 8.5%, are plotted. There is a significadria [Fig. 4(a)] and melanin [Fig. 4(b)]. The value gffor
increase in the amount of scatter at all angles relative to tthe cell containing mitochondria is 0.992, indicating almost
cell without melanin. complete forward scatter. The Henyey—Greenstein phase func-

To investigate the effect of the nucleus, the scatteringpn for ¢ = 0.992 shows significant differences from the
patterns of a cell with and without a nucleus were compareell phase function at almost all angles. In the cell with
(data not shown). There was little difference in the pattermselanin [Fig. 4(b)], the value of is smaller (0.944) and the
except for a slight increase in amplitude at small angles (Henyey—Greenstein phase function matches somewhat better,
10°). To compare the relative contributions of the nucleus aradthough there are still significant differences. The lower
small organelles, the scattering patterns of a cell containimglue is the result of increased scattering at higher angles
organelles and a nucleus, and a cell containing only organel{€gy. 3).
were compared. There is very little difference in the two The volume fraction of a particular organelle in cells will
patterns indicating that at near infrared wavelengths, smefry depending on tissue type. To investigate the effect of
organelles play a more important role than the nucleus @mganelle volume fraction on scattering, the average cagine
scattering from a cell, and the effect of the nucleus on tlnd the scattering cross sectiGh were computed for cells
scattering patterns for a cell with organelles is overshadowedntaining differing amounts of organelles. The scattering

by the scatter due to the organelles. cross section was computed by integrating the scattering
The Henyey—Greenstein phase function [21] is often usedttern over all angles
to characterize the angular distribution of scattered light by o

tissue and is characterized by the average cosine of the
scattering anglg. Since the Henyey—Greenstein phase func-
tion is a probability density function, it is normalized to an
area of one. To compare the computed scattering pattern tdn Fig. 5,C andg are plotted as a function of organelle vol-
the Henyey—Greenstein phase functigy (#), the scattering ume fraction for organelles representing mitochondria. When

C= 0/ 0/ F,(6, ¢) sin 6d0dp. (11)
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Fig. 4. Comparison of the Henyey—Greenstein phase function and the FDTD computed phase functions. (a) Cell with mitochondria (8.5% volume fraction)
(b) Cell with melanin (8.5% volume fraction).

the organelle volume fraction is zero, the cell consists onboth the amplitude and angular distribution of scattered light.
of a nucleus and cytoplasm. The scattering cross secti@ecently, it was demonstrated that the shape of the phase
increases with organelle volume fraction, while the anisotrofiyynction can play a significant role in reflectance measure-
value decreases, indicating that the organelles contributentents when the source and detector are positioned close to
high angle scattering. In Fig. 6, the scattering cross sectieach other [22]. While Mie theory can provide some insight
and anisotropy are plotted for increasing amounts of melanirto the scattering from cells, it cannot predict the influence
within the cell. The scattering cross section increases withh organelles on the scattering patterns of cells. In Fig. 2
volume fraction, but the anisotropy remains relatively constatite major difference in the scattering patterns between a cell
with increasing volume fraction after an initial decrease. with and without organelles lies at angles greater thah 90
At angles up to about 50the patterns have the same basic
shape, indicating that the cytoplasm, or overall cell size and
shape, determines the forward scattering properties. At higher
The scattering pattern of tissue structures, such as cellsargles, the role of the small organelles is more pronounced,
important to understand because it contains information abeuttich could be predicted qualitatively since they are small

V. DISCUSSION
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Fig. 5. Scattering cross sectio, and anisotropy valugy, as a function of organelle volume fractign,..; = 1.03).
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Fig. 6. Scattering cross sectiofi;, and anisotropy valuey, as a function of melanin volume fraction.

relative to the wavelength and will act as isotropic scatteretbose of epithelial tissues [24] but are slightly underestimated
To predict the increase in high angle scatter quantitativelyecause the internal structure of each organelle has not been
however, the electromagnetic fields must be calculated. taken into account.
The macroscopic scattering coefficigntdue to a collection  The role of melanin in determining light distribution in
of cells can be estimated from the scattering cross sectiontissues has been largely that of an absorber. However, in
by [23] individual cells, its high index of refraction relative to the
51— ) surrounding cell components causes a large increase in the
ps = ———=C (12) scattering pattern, as demonstrated in Fig. 3. The absorption
4 of the melanin granules can be accounted for in the FDTD
where ¢ is the volume fraction of the cells relative to thesimulations by assigning each granule a conductivityal-
whole tissue andV is the volume of a single cell. If we though this has very little effect on the scattering patterns for
assume that the cells occupy 70% of the total tissue volurpells with melanin since the pathlength is small. The large
(¢ = 0.7), then the predicted scattering coefficient based on tinerease in high angle scatter has been observed irivo
FDTD computed scattering cross section values in Fig. 5 fatenfocal [1] and OCT [25] images of the skin, which measure
between 60 and 105 cm. These values of:, are similar to single scattering.
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The calculated anisotropy factar,for a cell with organelles
(Fig. 5) is higher than the values gftypically measured for
tissues which lie in the range of 0.8-0.97 [24], [26] because
the simulation calculates the scattering pattern for a singlg]
cell, whereas measurements typically involve tissue sections
containing multiple cells as well as other tissue structures such
as collagen and elastin. In addition, the organelles in this worfs]
were assumed to be homogeneous dielectric objects. Actual
organelles are inhomogeneous with spatially varying dielectrig
properties that will cause an increase in the amount of scattered
light. The FDTD method is able to account for this internal 7
structure if it is known. Therefore, an understanding of thé
3-D dielectric structure of cells is required for more accurate
calculations. However, few detailed studies of the index off]
refraction of cells and organelles have been undertaken.

The FDTD method has large computational requirementt®]
for 3-D problems. The amount of storage and CPU time limi 0l
the method to single cell calculations at the present time. The
computational requirements of scattering from cells in two
dimensions using the FDTD technique [27] is considerabf§71]
less than that of three dimensions, and multiple cells can
be modeled. However, approximating cells as 2-D structures
alters the shape of the phase functions. For example,
anisotropy valugy, for a 3-D cell containing only a nucleus
and cytoplasm was computed to be 0.99, while the twél3l
dimensional (2-D) phase function of the same cell, computed
by modeling a cross section of the 3-D cell, yields a value ¢f4]
0.96. In a cell containing melanin, the valuesgofvere 0.96
and 0.65 for 3-D and 2-D cells, respectively. However, thﬁs]
2-D model [27] did exhibit the same general trends as the 3-D
model—small organelles contributed more than the nucled&
and the anisotropy decreased with organelle volume fraction.
Therefore, the 2-D approximation can be used to qualitativeli7]
predict the influence of organelles, but the 3-D model must be
used to quantitatively compute scattering cross sections and
anisotropy values of cells. [18]

(3]

VI. CONCLUSION [19]

The FDTD method has been applied to light scattering
from cells containing different amounts of organelles. Thgo
FDTD method has advantages over the Mie theory since éﬁ]
accounts for multiple organelles within the cell simultaneous{y
and is relatively easy to implement. The results showed tHag]
small organelles play a significant role in light scattering from
cells, and the volume fraction of organelles affects both the
total amount of scattered light and the angular distributio@3]
of scattered light. The results also demonstrate the need
more accurate measurements of the index of refraction of cells

and cell components for more accurate determination of the
scattering patterns. [25]
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