
Abstract On small-angle light scattering patterns ob-
tained with erythrocytes under shear, intensity reinforce-
ments in rings can be noticed. Why should one be inter-
ested in them and how does one explain their presence?
After examining several hypotheses, analysis shows that
this is the consequence of a shape effect: The red cells under
stress are not three-axis ellipsoids but rather ellipsoid-like
particles whose extremities are thinned.
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Introduction

It is well known that red blood cells (RBC) exhibit remark-
able deformability. Their resting shape, a biconcave disk,
can be drastically changed if a stress is applied. For exam-
ple, in the Couette flow generated in a classical ektacytom-
eter (Bessis et al. 1980), RBC can become flat elongated
particles with a stationary orientation (Schmid-Schönbein
and Wells 1969; Goldsmith and Marlow 1972; Fischer and
Schmid-Schönbein 1977). Various theoretical models such
as rigid ellipsoids (Goldsmith 1967; Goldsmith and Mar-
low 1967,1972; Brenner and Bungway 1971), liquid drop-
lets (Brenner and Bungway 1971; Gauthier et al. 1972;
Kline 1972; Fischer et al. 1978) and thin-shells (Brennen
1975; Guerlet et al. 1977; Barthès-Biesel 1980; Richard-
son 1974) have been proposed to describe this behavior.
The most comprehensive model consists of an ellipsoid
whose membrane is tank-treading around the cell content
(Keller and Skalak 1982).

In order to study these shear-induced deformations,
classical ektacytometry coupled with small-angle light
scattering experiments has been used. Light scattering by
particles is very sensitive to shape and orientation effects.
The experimental patterns obtained at various shear
stresses (Mazeron et al., submitted for publication in Bio-
rheology) are sharp and rich in information. Sharp because
the shear rate, grad v, is homogenous for a Couette flow;
the resulting deformation and orientation distribution laws
are thus definitely narrow enough, approaching monodis-
persity. Rich because the patterns exhibit not only a cen-
tral spot, but also several more or less pronounced rings.
It would be a pity to confine oneself to the central spot by
merely measuring its axis ratio or an isointensity contour.
The largest possible amount of information must be used
to characterize the scatterers. For this purpose it is neces-
sary to have at one’s disposal a scattering theory.

No exact solution for such particle geometries exists
and numerical or approximate methods are needed. Be-
cause of the large value of size parameter for RBC (up to
100), numerical methods such as the discrete dipole ap-
proximation (Draine and Flatau 1993), or the T-matrix
method (Barber and Hill 1990) are for the time being
intractable.

The simplest theory to approximate forward light scat-
tering is Fraunhofer diffraction (Zahalak and Sutera 1981).
In this theory, the intensity distribution of the scattered
light depends only on the shape and the size of the cross-
sectional area of the scatterer. This approximation is easy
to use but it is not really satisfactory because it does not
take into account two fundamental parameters of three-di-
mensional scatterers: their refractive index and their vol-
ume. For this reason, it is not safe. For example, it cannot
explain why some rings on experimental patterns are open
and it can lead to wrong size determinations (Streekstra
et al. 1993; Ravey and Mazeron 1983).

A far more plausible approximation is the anomalous
diffraction approach, based on the assumption m–1O1 in
which m is the particle refractive index (van de Hulst 1957).
In this approach, it is considered that the spatial intensity
distribution results from the interference between two
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wave fronts: the first one corresponding to the light that
travels along the scatterer and the other one to the light that
traverses the scatterer. If only the first one were consid-
ered, Fraunhofer diffraction would be obtained. The size
and refractive index of the particle are taken into account
in the phase shift between the two waves. Anomalous dif-
fraction is found to be a better approximation than Fraun-
hofer diffraction (Streekstra et al. 1993, 1994).

A more elaborate approximation is the Physical Optics
Approximation (POA) recently developed for large ellip-
soids (Mazeron and Muller 1996). POA is generally valid
for a particle refractive index close to one, for large scat-
terers and for small scattering angles, which is the case for
the RBC under study. It is based on the vectorial Kirchhoff
integral (Jackson 1975) in which the field scattered by a
particle is expressed as a function of the electromagnetic
field on the particle surface. The relation is rigorous and
the approximation consists of attributing a physically suit-
able value to that unknown surface field. The Fresnel laws
and the Poynting theorem have been chosen for this pur-
pose. POA contains anomalous diffraction and Fraunhofer
diffraction (Ravey and Mazeron 1982) and can be reduced
at will to either. It is therefore more general. Unlike anom-
alous diffraction and Fraunhofer diffraction, it can handle
depolarization effects and explain dissymmetry appearing
in small-angle light-scattering (SALS) patterns.

Using POA, we have shown that the above patterns were
actually compatible with a description in terms of ellipsoid
scatterers for RBC (Mazeron et al., submitted for publica-
tion in Biorheology), at least as far as the angular positions
of the first two intensity extrema in the NS (north-south)
and WE (west-east) directions of the pattern are concerned.
In particular, the scatterer dimensions deduced from SALS
analysis agree fairly well with those obtained by other
methods (Sutera et al. 1989; Tran-Son-Tay 1987); RBC de-
form at constant surface and the angle between their long
axis and the streamlines is small whatever the shear stress.
From this point of view, the model of the ellipsoidal scat-
terer is satisfactory. However it cannot explain the angu-
lar repartition of intensity along a ring. Indeed, if we look
carefully at the patterns, we notice intensity reinforcement
in the rings, neither equatorial nor polar (Fig. 1). They are
located at γ angles around ±70° with respect to the WE line

of the pattern (the WE line and the NS line correspond to
γ = 0° and γ = 90°, respectively). In other words the rings
are not isointensity curves. Is it possible to use this extra
information to characterize more accurately the properties
of the scatterers? This is the main point of this paper.

Interpretation and discussion

Some SALS patterns for various shear stresses are pre-
sented in Fig. 1 and the fourth-order symmetry can be no-
ticed. They were obtained with human RBC suspensions
diluted in Dextran T500 and phosphate-buffered solution
(300 mOsm/l, pH = 7.4, viscosity 32 cp at 22 °C, refractive
index 1.347). The low-power He-Ne laser beam was per-
pendicular to the streamlines of the Couette flow.

The theoretical SALS patterns are drawn according to
POA by computing the far scattered intensities in all di-
rections defined by the usual scattering angles θ (between
scattering and incident directions), and γ (between the 
scattering plane and the horizontal plane).

The important parameters to be considered in this sin-
gle scattering problem are: Refractive index, size, orienta-
tion, possible distribution laws, structure, and shape of the
scatterers. What is the influence of these various factors
on the appearance of SALS patterns?

1 Size and refractive index

By using two different radiations of a He-Ne laser
(λ = 0.6328 micron for red light and λ = 0.5431 micron 
for green), we can gain some insight into the influence of
these two parameters. Indeed, in red light RBC can be 
considered as dielectric particles whose relative refrac-
tive index m is in the range 1.05–1.065 (Streekstraa et al.
1993; Mazeron and Muller 1996; Reynolds et al. 1976). In
green light, they are absorbing particles (since erythro-
cytes are red, they absorb in the green) and thus the imag-
inary part of m cannot be neglected. In addition their ap-
parent size is larger in green light because size parameters
vary as λ–1.

The afore-mentioned reinforcements are visible on the
experimental patterns when green light or red light is used.
Consequently, it seems that they cannot result from size 
or refractive index effects. This point has been checked 
by computing theoretical images according to POA, for 
an m range characteristic of most biological particles
(1.0<m<1.1) and also for perfectly absorbing particles 
(m→ ∞). The image aspect changes more or less, but the
expected reinforcements do not appear. Figure 2 shows
some such theortical images corresponding to RBC under
shear illuminated by red laser light (top) and by green light
(bottom). For green light RBC appear larger than for red
light: more rings are then visible on the pattern and its 
central spot is smaller than in the red. Likewise, for a given
m value (m=1.065) we have scanned different size param-
eters. Intensity reinforcements are never obtained.
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Fig. 1 Experimental SALS patterns of erythrocytes deformed in 
a viscous flow at increasing shear stresses (30, 40, 190 dynes/cm2,
respectively)



2 Orientation

The constrained RBC shape is supposed to be ellipsoidal
with the ellipsoid oriented in the following way (Fig. 3):
The major semiaxis b is in the horizontal plane made by
the incident light direction and the unperturbed flow di-
rection, tilted by some angle α to the streamline; the me-
dium semiaxis a is perpendicular to this plane in order to
minimize the torque exerted on the cell by the flow; the
minor semiaxis c characterizes the cell half-width when
α = 0.

Theoretical SALS patterns computed for α = 0°, for
α = 20° in the vertical plane and for α = 20° in the horizon-

tal plane, respectively, are presented in Fig. 4. No inten-
sity reinforcement is noticed. For the first 20° orientation,
the NS axis pattern is no longer vertical, and for the sec-
ond the pattern becomes slightly dissymmetric with respect
to its NS axis. For other more general orientations in which
Euler’s angles are not zero, these two effects combine: The
fourth-order symmetry of the pattern is lost and the verti-
cal orientation of the pattern disappears. Because the ex-
perimental patterns exhibit no apparent dissymmetry and
have their NS line vertical, we can state that the reinforce-
ments are not the consequence of an orientation effect. 
In agreement with earlier observations (Trans-Son-Tay,
1987), the long ellipsoid axis is probably oriented along or
nearly along the streamlines. Angle α is certainly small
enough so that it cannot markedly influence the shape of
the SALS patterns.

3 Distribution laws

By introducing in the POA fortran codes for various prob-
ability laws of a Gaussian nature for the size of the scat-
terers, their orientation, and their refractive index, the pre-
existing monodispersity decreases or disappears. Gener-
ally, the effect is to make the patterns less contrasted with-
out provoking any intensity reinforcements. The patterns
become more uniform instead. This hypothesis must then
be discarded. As a matter of example, the curves of Fig. 5
show the angular intensity variations versus θ for γ = 0°
(lower curves) and γ = 90° (upper curves), which the prob-
ability law (bold lines) and without (plain lines). The ef-
fect is striking. With the probability law, the differences
between two consecutive intensity maxima and minima are
greatly reduced. The pattern sharpness is then lowered. In
the limit of random orientation the patterns would become
blurred.
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Fig. 2 Theoretical SALS patterns of ellipsoidal particles of the same
volume (85 µ3) but more and more flattened and elongated by a vis-
cous flow. Upper row: dielectric particles (m =1.065). Lower row:
perfectly conducting particles (m → ∞)

Fig. 3 Ellipsoid orientation with respect to incident light direction
z and unperturbed flow direction y. Scattering direction is determined
by angle θ with z axis and angle γ with the horizontal plane (y, z)

Fig. 4 Theoretical SALS patterns computed according to POA 
for ellipsoidal RBC. The first image is for α = 0°. The long axis was
given a 20° inclination to the streamlines in the vertical plane (sec-
ond pattern) or in the horizontal plane (third pattern). In the first case
the NS axis of the pattern is rotated, and in the second a slight but
visible dissymmetry appears. Neither could be experimentally ob-
served



4 Structure

RBC are surrounded by a thin membrane of approximately
70 Å whose refractive index is larger than that of the cell
interior. Although this is not simple, it is possible to ac-
count for this inhomogeneous structure in POA. As re-
ported above, the approximation requires the knowledge
of the electromagnetic field at the surface of the scatterer.
Adding a thin refringent membrane modifies this field. Its
new value is determined through the use of reflection and
transmission coefficients, by considering that the mem-
brane behaves locally like a multiple wave interferometer.
The computed results show that this modification neither
changes the shape of the SALS patterns nor makes the re-
inforcements appear.

5 Shape

We pointed out that the three-axis ellipsoid shape was com-
patible with the experimental patterns obtained, at least as
far as the angular positions of the two first extrema in the
NS and WE directions are concerned. Therefore, it would
be better not to depart too much from this model. Micro-
photographs of RBC deformed in a rheoscope at higher
shear rates (Sutera 1987; Fischer 1980) as well as Fourier
transform properties in diffraction, strongly suggest parti-
cles with more or less thinned extremities.

To build such a shape, a possible way of proceeding is
to consider two ellipsoids with the same center, with the

same a and c axes, and with different major axes, b1 and
b2. Their surface equations are arbitrarily combined ac-
cording to the following expression:

x2/a2+(y2/b1
2) f (N, x, z) + (y2/b2

2) [1– f(N, x, z)] + z2/c2 = 1

in which

f(N, x, z) = cosN[(π /2) (x2/a2+z2/c2)1/2]

For f = 1 this equation reduces to the first ellipsoid equa-
tion and to the second for f = 0. Now for 0 < f <1 an inter-
mediate surface between the two ellipsoids is generated.
Its shape can be changed at will according to the arbitrary
expression taken for function f. By choosing a cosine to
the Nth power of some other function, the desired surfaces
are obtained. Figure 6 shows (bold outlines) how the par-
ticle shape is changed when N increases from 0 to 5. For
N = 0 and then f = 1, the undeformed ellipsoid (here the
outer) whose semi-axis is b1, is obtained. This is the ref-
erence ellipsoidal shape we want to deform into an ellip-
soid-like particle with thinned extremities. The extremity
thinning can be characterized in the following way: let
S(y = b2, N) be the cross sectional area of the particle in
the plane perpendicular to y at y = b2. A thinning parame-
ter, ρ, is arbitrarily defined by

For N = 0 the particle is the undeformed reference ellip-
soid and ρ = 0 (no thinning). When N increases, the thin-
ning is more and more important because the cross sec-

ρ = − =
= =

1
2

2 0
S y b N

S y b N
( , )

( , )

250

Fig. 5 Plain curves: Angular scattering of a single RBC (volume:
85 µ3, orientation: α = 0°, size parameters: a = 30, b = 90, c = 18, re-
fractive index: 1.065), for γ = 0° (lower curves) and for γ = 90° (upper
curves). Bold curves: idem for a cell population with the same 
characteristics but whose volumes are normally distributed 
(Vmean = 85 µ3, standard deviation = 12.75 µ3). In this last case the os-
cillations are greatly diminished

Fig. 6 Shapes generated (bold curves) from the two given ellipsoids
(plain curves) according to N values. For N = 0, the particle is the
outer undeformed ellipsoid whose longest semi-axis is b1. For N in-
creasing, it becomes thinner. For N = 10 (not shown), the particle is
like a lemon. For higher N values it tends to the inner ellipsoid whose
semi-axis is b2



tional area is smaller and smaller and ρ increases. Its
asymptotic value for N → ∞ is ρ = 1.

To compute the corresponding theoretical SALS pat-
terns, it is still necessary to use an approximation. It would
be rather difficult to theorize and to use POA for such
shapes. The more easily handled anomalous diffraction
(Van de Hulst 1957) has been chosen. In fact, it happens
that for axial orientation, for small scattering angles
(θ < 20°) and for a relative refractive index of the particle
not very far from unity, POA and anomalous diffraction
lead to nearly the same results. This is due to the geomet-
rical (large dimensions) and optical parameter values
(n = 1.065) implied in the current problem and by no means
a general rule. The anomalous diffraction approximation
when applied to undeformed ellipsoids is then unable to
explain the intensity reinforcements. What is changed
when it is applied to thinned ellipsoids?

We are interested in the first ring, that is, in the first in-
tensity maximum encountered for various γ values. The
computed angular intensity curves presented in Fig. 7 are
related to a deformed ellipsoid whose thinning parameter
is 0.44. They show that for the first intensity maximum,
the scattered intensity is maximum for γ = 70°. In the
γ = 90° direction, the intensity undergoes an approximately
3.5-fold decrease with respect to this maximum and a still
more important decrease in the γ = 0° direction. In other
words the ring will not be an isointensity curve: It is “open”
in the vicinity of γ = 0° and 90°, and maximum in intensity
in the 60° – 70° zone.

To understand how the intensity reinforcement arises,
to ratio I (γ = 70°) / I (γ = 90°) is studied as a function of the

thinning parameter ρ (Fig. 8). For an undeformed ellipsoid
(ρ = 0), this ratio is unity. As soon as the particle thinning
begins (ρ increases), the above ratio strongly increases, in-
dicating an intensity reinforcement in the direction γ = 70°.
This reinforcement is maximum (therefore clearly notice-
able on the patterns) for ρ = 0.36, which corresponds to
N = 3. The particle characteristics are m = 1.065, a = 40,
b1 = 85, b2 = 60, c = 19. The volume, V, and the membrane
area, S, depend on N and have (computed) values currently
encountered in this kind of problem: V = 90 µ3, S = 127 µ2

for N = 2 and V = 85 µ3, S = 120 µ2 for N = 5. They are not
critical to the phenomenon because reinforcements appear
for a large range of size parameters, both experimentally
(see experimental patterns) and theoretically. What is im-
portant is the thinning of the particle.

Theoretical SALS patterns of thinned ellipsoids are pre-
sented in Fig. 9 (left patterns for N = 2 and right pattern for
N = 5, respectively). Their general aspect is nearly the same
as that obtained from a true ellipsoid shape with regard to
ring angular positions, but what is important is that they
exhibit the expected reinforcements. The scatterer shapes
considered (i.e., thinned ellipsoids) therefore explain the
appearance of the experimental SALS patterns. Such an
experimental pattern is presented between the two theoret-
ical ones in Fig. 9. It corresponds to RBC (measured vol-
ume 85 µ3) highly deformed in a shear flow. The agree-
ment is fairly good.

Note that the scatterer shape considered is not purely
theoretical: it is close to that displayed by experimental
photographs obtained with a rheoscope (Tran-Son-Tay
1987, Fig. 1; Fischer 1980, Fig. 1). It would be interesting
to know if, and under which conditions, theoretical mod-
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Fig. 7 Example of theoretical angular scattering, according to the
anomalous diffraction, of a moderately deformed RBC with thinned
extremities (m = 1.065, a = 40, b1 = 85, b2 = 60, c = 19, N = 5, thinning
parameter ρ = 0.44, volume = 85 µ3, area = 120 µ2). From bottom to
top: γ = 0° (bold), γ = 40° to 90° (bold) by steps of 10°. The intensity
of the first maximum is maximum for γ = 70° and θ = 7.3°

Fig. 8 The ratio I (γ = 70°) / I (γ = 90°) versus thinning parameter ρ
for the scatterer of Fig. 7. As soon as the ellipsoid is thinned (ρ in-
creases), the intensity reinforcement arises at γ = 70°. The same curve
is obtained for γ = 60° or neighboring angles



els based on vesicle dynamics (Kraus et al. 1996) can pre-
dict such ellipsoid-like shapes for RBC submitted to a sim-
ple shear flow.

Conclusion

The deformation of RBC in a shear flow has been studied
by purely light scattering measurements. To this end, the
physical optics approximation and the anomalous diffrac-
tion have been used. The deformations undergone by RBC
are compatible with a description in terms of a nearly el-
lipsoid shape: Ellipsoid extremities are slightly thinned.

This conclusion has been made possible because we
have been interested in elements other than the central spot
in the experimental patterns. Indeed, the study of the loca-
tion of satellite stains is equivalent to the comparison of
scattered intensity levels. With the help of suitable scatter-
ing theories, the exploitation of this extra information per-
mits some improvement in the knowledge of the proper-
ties of the scatterers. It plays a role too, as we have seen,
in the discrimination beween several different hypotheses.
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and 5, respectively. Middle: experimental SALS pattern of RBC
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85 µ3, shear stress >100 dynes/cm2). They agree fairly well


