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Abstract

Ektacytometry is a technique to measure the
deformation of red blood cells in flow. In an
ektacytometer, the red cell deformation is obtained
from the light scattered by ellipsoidally deformed red
blood cells. Although the aim of the technique is to
obtain the cell deformation from the isointensity curves
in the observed intensity pattern, a correct theory that
offers insight in the relation between cell shape and
intensity pattern is absent. By comparison with
T-matrix calculations, the Anomalous diffraction
approximation (AD) turns out to be a correct theory
and a useful tool for the description of the light
scattering by ellipsoidal red blood cells. Using the AD
approximation, it appears that the effect of the
imaginary part of the relative refractive index of a red
blood cell is negligible. In a red cell population with
equal amounts of deformable and undeformable cells,
the application of AD reveals that the axial ratio of the
isointensity curves in the pattern is dependent on the
intensity level of the curves.

1 Introduction

Ektacytometry is an optical technique that is applied to
quantify the deformability of buman red blood
cells{1-3]}. In an ektacytometer, the deformation of the
cells is obtained from the scattered laser light that is
seat through a sheared suspension of red blood cells.
Figure 1. shows the setup of the system. A diluted
suspension of red blood cells is sheared in a Couette
flow between two coaxdal transparent cylinders. The
hydrodynamic forces cause the red blood cells to
deform into ellipsoids that are aligned with a small
angle relative to the flow direction [4].

The He-Ne laser beam, that is sent through the
suspension by means of two mirrors, is scattered by the
red cells and the resulting intensity pattern is projected
on a screen. In the intensity patterm, points of equal
intensity build up elliptical curves: the isointensity
curves. The axial ratio of the isointensity curves is
considered to reflect the mean deformation of the red
cell population.
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Fig. 1. Setup of the ektacytometer

In literature concerning ektacytometry, the technique is
commonly used without reference to the relation
between the shape of the celis and the intensity pattern
on the screen. In a paper of Zahalak and Sutera [5],
Fraunhofer diffraction by a prolate ellipsoid with zero
orientation angle is derived and is claimed to be the
most appropriate theory to the intensity patterns
produced in an Ektacytometer.

However, comparison with Mie theory revealed that
Fraunbofer diffraction is not the correct theory for
spheres with size and refractive index of a red blood



cell [6]. The anomalous diffraction introduced by van
de Hulst [7] turned out to be a more appropriate
theory.

For the interpretation of the intensity pattern caused
by a cell population as present in an ektacytometer, a
correct theory that offers insight in the relation
between cell shape and the light scattered by these
ellipsoidal cells is required. In this paper the
applicability of the anomalous diffraction (AD)
approximation as a tool for the characterization of the
ellipsoidal red blood cells is investigated. The validity
of the AD approximation for ellipsoids is tested by
comparison with calculations performed by the
T-matrix method [8,9).

A second objective is to investigate the influence of the
imaginary part of the relative refractive index on the
intensity pattern. Finally, the influence of a fraction of
less deformable cells within the cell population, as
present in some bemolytic anemias [11,12], is studied.

2 Anomalous diffraction by a suspension of
ellipsoidal particles.

In the anomalous diffraction theory both the light that
is traveling along and traversing the particle is taken
into account in the calculation of the diffraction
integral [6,7]. Since the refractive index inside the
particle differs from the refractive index outside the
particle, the light traversing the particle is phase
shifted compared to the light traveling along the
particle. An important assumption in the AD theory is
that there is negligible deflection and reflection of the
light at the particle-medium interface. This assumption
and the fact that the diffraction integral is used for the
calculation of the intensity pattern implicates that the
theory is valid for particles with large size parameter a
(z>>1) and relative refractive index m mnear 1
Consider a single ellipsoidal particle with semi axes
a>b>¢, situated in the origih of a Cartesian
coordinate system [x\y,z] and oriented with the longest
axis in the x-direction (Fig. 2.).
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Fig. 2. Ellipsoidal particle illuminated by a laser beam.

The particle is illuminated by a plane wave traveling in
the z-direction.

In the anomalous diffraction approximation the
intensity I at a point (xyz) far from the particle is
given by [6):

I=1I,(1/k*z?)|S(v)]*, (L

with
n/2
S(v) = tx"-f [1 - exp(~-i¢,.sint)]
[}
xJ, (avcost) sintcostdr,
¢ = k/ab,

Gy = 2kc(m-1),

v % [(x2/q) +qy?)/2,

1/2.

r= (x%2+y*+2z%)

In Egq. (1) I, denotes the intensity of the incident wave,
J(u) is the first-order Besse! function of v, k& is the
magnitude of the wave vector of the light in the
medium surrounding the particle and g is the axial
ratio a/b of the ellipsoidal particle.

From the equation it is clear that all the points in
space with a fixed value of v build up curves of equal
intensity. On a screen perpendicular to the direction of
the incident light these isointensity curves are ellipses
with an axial ratio ¢ equal to the axial ratio of the
cliipsoidal particle.

3 Results

The accuracy of the anomalous diffraction
approximation for ellipsoids was investigated by
comparision with the T-matrix method. The T-matrix
calculations were performed using the computer
programs supplied by Barber and Hill {9]. For our
relatively large size parameter and axial ratio, the
computer programs were modified by using double
precision variables and by extension of the arrays in
the way recommended by the authors.

Figure 3. shows the comparison of the T-matrix
method and anomalous diffraction for a spheroidal
particle with relative refractive index of a red blood
cel (m=105). The results of the anomalous
diffraction compare well with the T-matrix calcolations
up to a scattering angle of 15 degrees. A comparable
agreement is observed if an imaginary component up
to a value of 0.1 is added to m (data not shown).



cell [6]. The anomalous diffraction introduced by vac
de Hulst [7] turned out to be a morec appropriate
theory.

For the interpretation of the intensity pattern caused
by a cell population as present in an ektacytometer, a
correct theory that offers imsight in the relation
between cell shape and the light scattered by these
ellipsoidal cells is required. In this paper the
applicability of the anomalous diffraction (AD)
approximation as a tool for the characterization of the
ellipsoidal red blood cells is investigated. The validity
of the AD approximation for ellipsoids is tested by
comparison with calculations performed by the
T-matrix method [8,9].

A second objective is to investigate the influence of the
imaginary part of the relative refractive index on the
intensity pattern. Finally, the influence of a fraction of
less deformable cells within the cell population, as
present in some hemolytic anemias [11,12}, is studied.

2 Anomalous diffraction by a suspension of
ellipsoidal particles.

In the anomalous diffraction theory both the light that
is traveling along and traversing the particle is taken
into account in the calculation of the diffraction
integral [6,7). Since the refractive index inside the
particle differs from the refractive index outside the
particle, the light traversing the particle is phase
shifted compared to the light traveling along the
particle. An important assumption in the AD theory is
that there is negligible deflection and reflection of the
light at the particle-medium interface. This assumption
and the fact that the diffraction integral is used for the
calculation of the intensity pattern implicates that the
theory is valid for particles with large size parameter o
(w>>1) and relative refractive index m pear 1.
Consider a single ellipsoidal particle with semi axes
g>b>c, situated in the origin of a Cartesian
coordinate system [x,y,z] and oriented with the longest
axis in the x-direction (Fig. 2.}.
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Fig. 2. Bllipsoidal particie illuminated by a laser beam.

The particle is illuminated by a plane wave traveling in
the z-direction.

In the anomalous diffracion approximation the
intensity I at a point (xyz) far from the particle is

given by [6]:
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In Eq. (1) I, denotes the intensity of the incident wave,
J(u) is the first-order Bessel function of u, & is the
magnitude of the wave vector of the light in the
medium surrounding the particle and ¢ is the axial
ratio a/b of the ellipsoidal particie.

From the equation it is clear that all the points in
space with a fixed value of v build up curves of equal
intensity. On a screen perpendicular to the direction of
the incident light these isointensity curves are ellipses
with an axial ratio g equal to the axal rato of the
ellipsoidal particle.

3 Results

The accuracy of the enomalous diffraction
approximation for ellipsoids was investigated by
comparision with the T-matrix method. The T-matrix
calculations were performed using the computer
programs supplied by Barber and Hill [9]. For our
relatively large size parameter and axial ratio, the
computer programs were modified by using double
precision variables and by extension of the arrays in
the way recommended by the authors.

Figure 3. shows the comparison of the T-matrix
method and anomalous diffraction for a spheroidal
particle with relative refractive index of a red blood
cell (m=1.05). The resuits of the anomalous
diffraction compare well with the T-matrix calculations
up to a scattering angle of 15 degrees. A comparable
agreement is observed if an imaginary component up
to a value of 0.1 is added to m (data not shown).
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Fig. 5. Intensity pattern of a ccll population with equal amounts of
deformabic  celis (g=4.7, o=485, V=95 () and
undeformable cells (g=1, &=569, V=95 fl). The dashed
curves represent thc intensity pattern of the single
deformable (- - -) and the vndeformable (— —) cells. The
solid curve (—) is the intensity pattern of the cell
population. The horizontal lines denoted by 1, 2 and 3
indicate the intemsity levels 1(0)/2, T(0)/4 and I(0)}110

respectively.

In this approximation, the intensity pattern is build up
by interference of the Fraunhofer light and the phase
shifted light that just traversed the particle. From the
results presented in Fig. 3. can be concluded that
within the scattering angles where the intensity is
scanned in an ektacytometer, anomalous diffraction is
a valid theory for ellipsoidal red blood cells.

In the anomalous diffraction approximation, the
relation between cell shape and intensity pattern is still
straightforward, Like in Fraunhofer diffraction the
axial ratio of the isointensity curves in the pattern is
equal to the axial ratio of the cell. Even in a
population of uniformly deformed red blood cells with
a distribution in the size parameter o, the latter
conclusion holds true.

The situation is different if the cell popuiation consists
of a mixture of deformable and undeformable cells. In
hemolytic anemias, like sickle cell disease, 2 fraction of
the cells is undeformable due to the stiffening of the
red cell membrane, In measurements with blood cells
of patients with sickle cell disease, the intensity
patterns that are qualitatively the same as shown in
Fig. 6. are observed [11,12}. In contrast with a
population of uniformly deformed red blood cells, in
this case the relation between cell shape and intensity
pattern is not straightforward. The isointensity curves
are not elliptical any more (Fig. 6.) and the axial ratio
of the curves is depends on the intensity level of the
curves. Decreasing the intensity level corresponds to
an increase of the axial ratio. The observed axial ratio
g, is not equal to the mean axial ratic g, of the
popuiation (in Fig. 6., g,,, = 2.85).
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Fig. 6. Iscintensity curves 1, 2 and 3 at intensity levels 1(0)72, 1(G)/4
and 1(0)/10. The axal ratio q, are 1.9, 2.2 and 24
respectively. The coordinates B and y are normalized
distances on the screen i.t. B = X'r, y = yr.

These results point out that it is not possible to define
one unique axial ratio g, from the pattern in case the
cell population is a mixture of deformable and
undeformable cells. Oniy if the levels of the isointensity
curves are equal, results of different blood samples can
be compared. On the other hand, since the shape of
the isointensity curves is dependent on the level, it
should be possible to obtain the amounts of
deformable and undeformable cells and the axial ratio
of the deformable cells from one single intensity
pattern by detection of the isointensity curves at
different intensity levels.

5 Conclusions

By comparison with T-matrix calculation the
anomalous diffraction approximation appears to be a
valid theory for the description of the light scattering
by elipsoidal red blood cells in ektacytometry. The
imaginary part of the refractive index of the cell
interior has negligible effect on the intensity pattern.

In a red cell population of uniformly deformed red
bloed cells, the anomalous diffraction approximation
reveals that the axial ratio of the cells is equal to axial
ratio of the isointensity curves in the pattern. In case
the cell population consists of both deformable and
undeformable cells the axial ratio is dependent on the
levels of the isointensity curves. The measurement of
these cell populations with an ektacytometer cannot be
interpreted correctly without reference to this intensity
level.

From the calculations shown in this paper can be
concluded that the  anomalous  diffraction



approximation is 2 useful tool in the quantification of
the deformation of red blood cells in an ektacytometer
offering insight in the mechanisms by which the cells
scatter the light,
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