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Effect of Red Cell Clustering and Anisotropy
on Ultrasound Blood Backscatter: A Monte

Carlo Study
David Savéry and Guy Cloutier, Member, IEEE

Abstract—When flowing at a low shear rate, blood ap-
pears hyperechogenic on ultrasound B-scans. The forma-
tion of red blood cell (RBC) aggregates that also alters
blood viscosity is the microscopic mechanism explaining
this acoustical phenomenon. In this study, Monte Carlo
simulations were performed to predict how RBC clustering
increases ultrasound scattering by blood. A bidimensional
Gibbs-Markov random point process parameterized by the
adhesion energy � and an anisotropy index � was used to
describe RBC positions for a hematocrit H = 40%. The fre-
quency dependence of the backscattering coefficient �(f)
was computed using Born approximation. The backscat-
tering coefficient �0 at 5 MHz and the spectral slopes nx
and ny (� � fnx or fny) measured, respectively, when the
insonification is parallel and perpendicular with the RBC
cluster axis were then extracted. Under isotropic condi-
tions, �0 increased up to 7 dB with � and nx = ny decreased
from 4.2 to 3.4. Under anisotropic conditions, the backscat-
tering was stronger perpendicularly to aggregate axis, re-
sulting in nx � ny. The anisotropy in scattering appeared
more pronounced when � or � increased. These two dimen-
sional results generally predict that low-frequency blood
backscatter is related to cluster dimension, and higher-
frequency properties are affected by finer morphological
features as anisotropy. This numerically establishes that
ultrasound backscatter spectroscopy on a large frequency
range is pertinent to characterize in situ hemorheology.

I. Introduction

Ultrasonic tissue characterization (UTC) techniques
(see Table I for list of symbols and abbreviations) aim

at diagnosing the pathophysiological state of the imaged
tissues by detecting abnormalities in their acoustical prop-
erties (as backscatter, attenuation, or speed of sound) [1].
Although textured B-scan images are commonly used to
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provide anatomical information, UTC measures comple-
mentary indices by mapping the scattering and absorption
properties of tissues. Biophysical and biochemical activi-
ties of the organs were shown to affect these quantitative
acoustic features. Cell apoptosis [2], myocardium ischemia
[3], or osteoporotic loss of bone [4] are examples of patho-
logical events that could potentially be investigated by
these means.

In this paper, the sensitivity of blood scattering prop-
erties to the erythrocyte aggregation state is investigated.
It represents a typical application of UTC for measuring
ensemble-averaged macroscopic manifestations of micro-
scopic phenomena occurring at a scale under the resolu-
tion of commercial ultrasound (US) imaging systems. In
the presence of plasmatic proteins such as fibrinogen and
at a low shear rate, red blood cells (RBCs) physiologically
form aggregates or rouleaux [5], [6]. The RBC clustering
dramatically affects blood rheology [7], blood echogenicity
[8], and many other blood physical properties (e.g., optical
[9] or dielectric [10]). An abnormal level of RBC aggrega-
tion may have pathological consequences: the increase of
blood viscosity perturbates microcirculatory hemodynam-
ics [11], influences the peripheral resistance [12], and corre-
lates with risks of cardiovascular disease [13]. The in vivo
measurement of US blood backscatter would enable one
to detect RBC aggregation and the related blood rheol-
ogy impairments. Its quantification would help to elucidate
how hemorheology is involved in the etiology of cardiovas-
cular diseases.

The frequency dependence of the backscattering coef-
ficient χ = χ(f) is commonly used as the characteristic
US signature of a tissue [1]. In the range of acoustical
frequencies covered by medical US transducers (typically
1–40 MHz), a power law χ/χ0 = (f/f0)n is often accu-
rate enough to quantify this dependence. In this spectro-
scopic analysis, f0 is a chosen reference frequency (here
f0 = 5 MHz) and {χ0, n} are tissue acoustic characteris-
tics. Many experiments have shown that blood exposed to
a high shear rate behaves as a Rayleigh scattering tissue.
For instance, by using the same data reduction to results
by Foster et al. [14], one finds χ0 = 1.3 × 10−3 m−1.Sr−1,
n = 3.5 for a shear rate γ̇ = 32 s−1. Non-Rayleigh ef-
fects arise at a low shear rate when RBCs aggregate:
χ0 = 2.8 m−1.Sr−1 and n = 0.4 for γ̇ = 0.16 s−1. How-
ever, the sensitivity of parameters {χ0, n} to the erythro-
cyte aggregation level remains poorly documented. More-
over, other Doppler experimental studies (as in Allard et
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TABLE I
List of Symbols and Abbreviations.

a major axis of the interaction ellipse
b minor axis of the interaction ellipse
c speed of sound = 1540 m.s−1

χ blood backscattering coefficient
χref reference backscattering coefficient (5 MHz, no aggregation)
χ0, χ0

x, χ0
y blood backscattering coefficient at 5 MHz

δ Dirac function
∆k sampling interval of the wave vector dependent S(−2�k)
E[X] ensemble average of a random variable X
ε aggregation energy
f acoustical frequency
f0 reference 5 MHz frequency
φ(u) 1/π× intersection area of two unit disks separated by 2u
γ̇ shear rate
γz acoustic impedance contrast between RBCs and plasma
�h = (hx, hy) intercellular lag
H hematocrit
ı =

√
−1 imaginary number

I[Q] indicator function = 1 if Q is true, = 0 if Q is false
I, i indices
j index
J1 first order Bessel function of the first kind
�k incident acoustic wave vector
kB Boltzmann constant
L square basis of V

� index
λ0 surface index of the interaction ellipse
m erythrocyte number density
Mi total number of Metropolis steps
n, nx, ny acoustic spectral slopes
N number of erythrocytes in V
NΩ(�r) microscopic number density
Nij matrix of density inside V
N2

p size of Nij

ν anisotropy index of the interaction ellipse
Ox long axis direction of the interaction ellipse
Oy short axis direction of the interaction ellipse
ξ = (�x1, . . . , �xN ), ωi configuration
Ω random point process
p uniform random number ∈ [0; 1]
P probability
pΩ(ξ) probability density function of Ω
�q = −2�k acoustic scattering vector
q = exp(−∆U/kBT ) Metropolis ratio
R red blood cell radius
�r current point in V
RBC red blood cell
S(�q) structure factor
σb(�k) erythrocyte cross-section
σ0

b erythrocyte cross-section at 5 MHz
T temperature
UΩ(ξ) total configuration energy
US ultrasound
UTC ultrasound tissue characterization
∆U energy change in a Metropolis step
V scattering region
V2(�h) pair energy potential
Vrep repulsion energy
Vs RBC volume
W0 Perkus Yevick packing factor of 2D hard disks
�x current point in Ω
�xnew new proposed position in a Monte Carlo step
ZΩ partition function
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al. [15], at 10 MHz) showed that the level of backscatter
was angle-dependent, which indicates non-Rayleigh scat-
tering.

Consequently, this paper investigates the influence of
RBC adhesion and medium anisotropy on {χ0, n} by using
computer simulations.

Bidimensional models were used in this study because of
the computational difficulty to generate many-particle vo-
lumic configurations. Also restricted, this choice enabled
us to extend a number of previous two-dimensional (2-
D) studies by integrating more realistic microstructural
(anisotropic clustering conditions) or acoustical conditions
(non-Rayleigh frequencies). In [16] or in [17], the effect of
the steric repulsion between RBCs was modeled in the
low-frequency approximation. Both approaches success-
fully predicted the nonlinear dependence of the backscatter
with the hematocrit as first observed in [18]. However, they
did not take into consideration non-Rayleigh phenomena
nor the influence of particle cluster formation on blood
scattering. In [19], the backscatter by 2-D and 3-D geo-
metric scatterer clusters was assessed in the same packing
factor approximation (low frequency scattering). It showed
that the backscatter increases with the (mean) number
of particles per cluster. However, this approximation only
applies to low frequency insonifications and only models
Rayleigh scattering (n = 4). In [20], both the effects of
flow-mediated clustering and higher frequency were taken
into account using 2-D particle dynamics. Viscous forces
on particles flowing in shear were empirically modeled in
this study. Computational difficulties were encountered,
which was barely practical as variabilities required to av-
erage numerous realizations.

As often encountered in materials microstructure nu-
merical modeling, an alternative to molecular dynamics is
to use Monte Carlo sampling techniques to simulate het-
erogeneous media.

Thus, in this paper we propose a novel description of
RBC clustering by using a 2-D random point process ap-
proach. The microstructure created by RBC packing is
described by parameters of the statistical spatial model,
an adhesion energy index ε, and an anisotropy index ν.
Monte Carlo simulations then are generated to predict the
evolution of {χ0, n} as a function of the aggregation state
(adhesion and anisotropy statistic parameters) and of the
insonification angle.

II. Methods

Acoustical waves propagating in a linear medium are
scattered when encountering density and speed of sound
inhomogeneities [21]. In the context of acoustics, blood
can be described roughly as a biphasic fluid composed of
RBCs (volume fraction H = 40%) immersed in the plasma
[22], [23], which is a Newtonian fluid. Blood backscatter
depends on the frequency, hematocrit, plasma, and RBC
acoustical properties (density and compressibility) and on
the geometry of the dense network of erythrocytes. Ad-

hesive and steric interparticle interactions affect the con-
formation of this viscoelastic phase. Double-layer electro-
static repulsive force is neglected here because of its small
nanometric range.

In this paper, the microstructural pattern created by
erythrocytes was modeled by a random Gibbs-Markov
point process, as described in Section II-A. The weak
scattering approximation also is adopted to simulate US
backscattering by this modeled medium (Section II-B).

A. Microstructure Model

1. Random Configuration: A collection of N = mV
cylindrical RBCs (m is the spatial number density of
RBCs) was randomly spread on a periodic parallelepiped
of volume V . The positions of the RBC centers, noted
ξ = (�x1, . . . , �xN ), jointly define a random configuration.
Because of multiple intercellular interactions and hydro-
dynamic forces acting on cells, all configurations ξ are not
equally probable. A convenient class of random point pro-
cess is the Gibbs-Markov stochastic model [24]. A Gibbs-
Markov point process Ω is defined by assigning an energy
level UΩ(ξ) = UΩ(�x1, . . . , �xN ) to each configuration ξ of
the phase space V N . This configuration energy is supposed
to be independent of the rotations of the erythrocytes and
consider only two-body interactions. By writing V2(�h) the
pair potential that represents the interaction energy of two
RBCs separated by the lag �h, one defines UΩ(ξ) as the sum
of pair energies:

UΩ(ξ) =
∑
i<j

V2(�xi − �xj). (1)

At a fixed temperature T , the Gibbs-Markov process
Ω has, by definition, a probability density function that
obeys Boltzmann statistics:

pΩ(ξ) =
1

ZΩ
e−UΩ(ξ)/kBT , (2)

where ZΩ is the normalizing partition function, and kB is
the Boltzmann constant. Note that the Boltzmann statis-
tics favor configurations of low energy. However, configu-
rations with a positive infinite energy have no chance to
appear. The absolute temperature controls the variability
of these configurations.

The choice of V2(�h) and of the number density m com-
pletely defines Ω and, therefore, all statistical properties
of the spatial pattern, including the mean scattering prop-
erties of the modeled medium.

2. Choice of Pair Potential: When observing the spatial
pattern formed by RBCs when blood flows in a stationary
shear flow (velocity in the Ox direction), two microscopic
features can be observed. First, RBCs do not overlap in
space. Second, RBC rouleaux align along the flow stream-
lines, which induces structural anisotropy. This type of
point configuration can be modeled by a Gibbs-Markov
model with a pair potential V2(�h) that has two special
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Fig. 1. Geometrical parameters of the interaction ellipse and of the
forbidden circular zones used in the model of pair potential. The
figure corresponds to ν = 0.5 and λ0 = 0.4.

properties. The pair potential first should be highly repul-
sive (positive) or even infinite (hardcore potential) when
two RBCs are distant by less than a diameter. The pair po-
tential also should be negative when RBCs are in contact
and aligned with Ox to favor adhesion in this direction.

The pair potential was empirically chosen in this study
to satisfy these two criteria. The expression of V2(�h) was
defined as follows. One considers that each RBC center is
surrounded by two concentric layers (Fig. 1): a forbidden
circular zone that defines the range of the steric forces (of
diameter 2R) and an elliptic attractive area. The major
axis a and the minor axis b of the ellipsis, respectively,
are aligned along Ox and Oy. The pair potential was de-
fined as the sum of two energies: a repulsive positive part
that arises when forbidden zones overlap, and a negative
part proportional to the intersection area of the attractive
zones. Quantitatively, this gives:

V2(�h) = VrepI[|�h|<2R] − εφ

⎛
⎝1

2

√(
hx

a

)2

+
(

hy

b

)2
⎞
⎠ ,

(3)

where φ(u) is the function of the real variable u1 de-
fined by:

φ(u) =
2
π

I[|u|<1]

(
arccosu − u

√
1 − u2

)
. (4)

In the above equations, I[.] is the indicator function,
Vrep � ε is a repulsion energy, a constant chosen very
great, ε controls the adhesion strength, and R represents
the RBC radius. Fig. 2 shows the energy profile of the
chosen pair potential V2(�h). Two nondimensional geomet-
ric parameters (λ0, ν) are defined as follows:

πab = π(1 + λ0)2R2, (5)
a = (1 + ν)b. (6)

1The intersection of two identical ellipses with parallel axes (a, b)
and centers separated by the lag �h = (hx, hy) has the area
πab φ

(√
h2

x/a2 + h2
y/b2/2

)
.

Fig. 2. Energy profile of the pair potential V2(�h). The figure corre-
sponds to ν = 0.5, λ0 = 0.4 and ε = kBT .

Fig. 3. Schematic description of the scattering experiment.

They, respectively, represent the reduced area of the at-
tractive zone and the excess of the major on the minor axis.
The condition ν = 0 corresponds to an isotropic medium.

B. Scattering Model

The ability of a tissue to generate acoustical echoes
(Fig. 3) is often quantified by the frequency-dependent
backscattering coefficient χ [1]. For a heterogenous mate-
rial composed of weak scattering particles, the expression
of the backscattering coefficient can be factorized [25], [26]
under the form:

χ(�k) = mS(−2�k)σb(�k), (7)

where �k is the incident wave vector (k = 2πf/c, where f
is the acoustical frequency and c ∼ 1540 m.s−1 is the bulk
sound speed) and σb(�k) is the backscattering cross sec-
tion of a single scatterer. The function S(�q) is the mean
structure factor [17] of the random configuration Ω of N

points, defined for a given scattering vector �q = −2�k (not-
ing i =

√
−1) by:

S(�q) = E

⎡
⎣ 1

N

∣∣∣∣∣
∑
�x∈Ω

e−ı�q.�x

∣∣∣∣∣
2
⎤
⎦ . (8)
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The structure factor quantifies the effect of the spatial
random organization of the scatterers on the backscatter-
ing coefficient. For independent scatterers (i.e., when Ω is
a spatial homogeneous Poisson point process) S(�q) ≡ 1.
The backscattering cross section σb(�k) can be defined as
the area of the perfect plane reflector that backscatters as
much power as an isolated RBC. In this study, RBCs were
modeled as parallel weak scattering cylinders of radius R
and volume Vs, that have a small acoustical impedance
contrast (relatively to the plasma) 〈γz〉 = 0.11. This as-
sumption enables one to apply the Born approximation
[21] to analytically derive the cross-section perpendicularly
to their axis Oz [27]:

σb(�k) =
1

4π2 k4V 2
s 〈γz〉2

(
J1(2kR)

kR

)2

, (9)

where J1 is the first order Bessel function of the first kind.

C. Monte Carlo Simulation Technique

The computation of the backscattering coefficient re-
quires the knowledge of the structure factor (7), which is
by definition the expectation of a statistical quantity [as
given by (8)]. Theoretically, the computation of this mean
could be performed as the probability density function pΩ
of the random point process can be known via (2).

However, this calculus is completely intractable; only
statistical estimations from average quantities are practi-
cally feasible in this many-particle problem. If many sim-
ulations of the random point process Ω can be generated,
then a simple averaging of all the obtained sample struc-
ture factors can give an estimated value of the structure
factor S(�q). The classical Metropolis sampler [28] was the
adopted algorithm to simulate some realizations of the
point process Ω.

This Monte Carlo sampling technique consists in a ran-
dom walk (ξ0, . . . , ξn, . . . ) in the phase space V N that
starts from a configuration ξ0 and asymptotically reaches
a random sample of Ω. The following iterative procedure
was used for a step (�) to (� + 1), considering that the
current configuration is ξ� =

(
�x

(�)
1 , . . . , �x

(�)
N

)
:

• pick at random the particle labelled I uniformly in
{1, . . . , N} located in �x

(�)
I ,

• a new position �xnew is chosen for I uniformly at ran-
dom in V ,

• compute the energy change ∆U of the total energy
UΩ, due to a displacement of the particle I from �x

(�)
I

to �xnew, assuming that V has periodic boundaries,
• define the Metropolis ratio q = exp(−∆U/kBT ),
• generate a uniform random quantity p ∈ [0, 1],
• if p ≤ q then �x

(�+1)
I = �xnew else �x

(�+1)
I = �x

(�)
I ,

• other positions remain unchanged and ξ�+1 =(
�x

(�)
1 , . . . , �x

(�+1)
I , . . . , �x

(�)
N

)
.

Values of the different simulation parameters used in
the study are given in Table II. A number Mi = 40N

TABLE II
Monte Carlo Simulation Parameters.

R 3.5 µm
λ0 0.4
N 815
L 280 µm

Mi 32600
c 1540 m.s−1

Vrep 106 kBT

Metropolis steps was assumed sufficient to obtain a sam-
ple Ω of the random point process. For each simulation,
a matrix Nij was computed by dividing the square simu-
lation plane L2 in N2

p pixels and by counting the number
of particles Nij falling into each pixel (i, j). This matrix
was used for the computation of the structure factor as
follows. The array Nij represents a sampling of the micro-
scopic density NΩ(�r), defined by:

NΩ(�r) =
∑
�x∈Ω

δ(�r − �x), (10)

where δ is the spatial Dirac function, and �r is the cur-
rent point inside V . According to (8), the structure factor
is related to the Fourier power spectrum of the random
microscopic density:

S(�q) = E

[
1
N

∣∣∣∣
∫

V

NΩ(�r)e−ı�q.�rd2r

∣∣∣∣
2
]

. (11)

Therefore, the structure factor was computed by averaging
2-D fast Fourier transforms (FFT) of the density matrix
Nij . This FFT gave the structure factor values S(−2�k) on
a centered grid of wavevectors, regularly spaced by ∆k =
π/L and with extreme wavenumber values ±πNp/2L. The
backscattering coefficient was assessed on each pixel of the
wavevector grid using the structure factor values and (7)
and (9).

D. Data Reduction and Tissue Acoustic Properties

After the function χ(�k) was estimated, the amount of
backscatter data characterizing the frequency dependence
was reduced by computing four UTC parameters that sum-
marize the frequency and angular dependencies of χ on
the frequency range 0–40 MHz. These data (χ0

x, χ0
y, nx, ny)

were obtained by performing two power-law regressions
along the two orthogonal principal directions (Ox) and
(Oy):

χ (kx�ex) = χ0
x (kx/k0)

nx , (12)

χ (ky�ey) = χ0
y (ky/k0)

ny . (13)

A reference backscattering level at f0 = c0k0/2π =
5 MHz, χref , was defined by the formula χref = mW0σ

0
b =

2.84 × 10−4 m−1.Sr−1.
In this equation, W0 = (1−H)3/(1+H) is the so-called

Percus-Yevick packing factor [26] for 2-D hard disks and
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Fig. 4. Realizations of the random point process Ω for different statis-
tical parameters. From upper left to bottom right: (a) ε = 0, ν = 0,
(b) ε = 150kBT , ν = 0, (c) ε = 50kBT , ν = 0.5, (d) ε = 150kBT ,
ν = 1.

volumic fraction H = 0.4, and σ0
b is the RBC cross sec-

tion at 5 MHz, computed using (9). This quantity W0 is
the low-frequency limit of the structure factor of a suspen-
sion of nonoverlapping rigid disks. Shung et al. [29] experi-
mentally demonstrated that the backscattering coefficient
(and its hematocrit dependence) of nonaggregating RBC
suspensions could be described by the hard sphere (3-D)
Perkus-Yevick formula [30]. Consequently, it seems legiti-
mate that the Perkus-Yevick approach could be applied in
this 2-D study.

III. Results

A. Spatial Pattern of Aggregated Cells

The growth, orientation, and organization of RBC clus-
ters in response to different aggregation conditions can be
visualized on Fig. 4. One realization of the point process is
represented for selected values of (ε, ν). The steric repul-
sion has a clear impact on the particle spatial organization.
Increasing ε results in cluster growth, but ν modulates
structure anisotropy, not independently of the cluster size.
When ν deviates from zero, RBCs form aligned layers of
linear clusters, but when ν = 0, no particular growth direc-
tion is favored, which creates compact erythrocyte clumps.

B. Backscatter and Frequency Dependence

Variations of the mean backscattering coefficient in the
frequency range 0–130 MHz are given on Fig. 5. The
backscattering coefficient increases with the frequency, but

Fig. 5. Frequency dependence of the mean backscattering coeffi-
cient for different aggregation conditions (ε, aggregation energy; ν,
anisotropy index) and insonification angles (Ox, cluster long axis,
Oy, perpendicular axis). No standard errors are shown for clarity.

Fig. 6. Normalized backscattering coefficient at 5 MHz, in perpendic-
ular (Oy) and in parallel (Ox) with the growth axis as a function of
the aggregation potential ε and of the anisotropy index ν. The error
bars represent the standard error of the mean.

at a rate that is specific to the RBC microstructure vari-
ables (ε, ν) and to the insonifying angle.

1. Isotropic Conditions: Under isotropic conditions
(ν = 0) and when ε increases, the backscatter at a fixed
frequency increases and the curve f → χ(f) bends. The
angle of insonification does not influence the backscatter-
ing coefficient (data are not shown on Fig. 5 for sake of
clarity). As shown on Fig. 6, the backscatter at 5 MHz in-
creases with the adhesion energy, reaching a plateau value
∼ 5χref (+6.9 dB). The curve bending on Fig. 5 can be
quantified by the variations of (nx, ny). The spectral slopes
appear on Fig. 7 as a function of the adhesion energy.
For ν = 0, their values do not significantly differ. Their
value decreases from 4.2 (disaggregated medium) to 3.4
(ε = 150kBT ).
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TABLE III
Backscattering Properties (and standard errors of the mean, SEM) as a Function of (ε, ν).

Point process
statistical Scattering properties
parameters (mean ± SEM, n = 100, **: P < 0.001 paired t-test)

ν ε/kBT χ0
x/χref χ0

y/χref nx ny

0 0 0.84 ± 0.06 0.79 ± 0.06 4.21 ± 0.04 4.18 ± 0.04
0 25 3.64 ± 0.23 3.87 ± 0.24 3.53 ± 0.04 3.51 ± 0.04
0 150 4.92 ± 0.33 5.08 ± 0.32 3.39 ± 0.04 3.38 ± 0.04
1 25 1.87 ± 0.14 1.91 ± 0.11 3.63 ± 0.04** 4.16 ± 0.04**
1 150 1.93 ± 0.15 1.84 ± 0.12 3.54 ± 0.04** 4.21 ± 0.05**

Fig. 7. Spectral slopes in the frequency range 0–40 MHz, in perpen-
dicular (Oy) and in parallel (Ox) with the growth axis as a function
of the aggregation potential ε and of the anisotropy index ν. The
error bars represent the standard error of the mean.

2. Anisotropic Conditions: Anisotropic behavior arises
when ν > 0. It is revealed on Figs. 5, 7 and in Table III
by the angular dependence of the blood scattering prop-
erties. For ε > 0, the spectral slope along Oy is greater
than along Ox (paired t-tests, n = 100, P < 0.001, for
ν > 0.2 and ε > 0) as shown on Fig. 7. The difference is
more pronounced when either ν or ε increases. The slope
nx decreases rapidly with the adhesion energy (similarly
to the isotropic conditions), and the decay rate of ny de-
creases with ν. For ν = 1, ny ∼ 4.2 and slightly depends
on ε. The angle-independent backscatter at 5 MHz is mod-
ulated by the anisotropy as shown on Fig. 6. The plateau
value

(
limε→∞ χ0

z/χref

)
decreases with ν, falling from 5

(isotropic case) to 1.9 (ν = 1).

IV. Discussion

The feasibility to measure ultrasonically RBC aggrega-
tion relies on significative variations of acoustic properties
of blood with microstructural variables.

Numerical simulations allow one to select a limited
number of physical variables (as particle interaction en-
ergies, or medium anisotropy) to assess how they affect
the different simulated acoustic features and if they can
reliably be infered from various ultrasound tissue param-
eters.

In this study, scatterer microstructure was modeled
by static statistical distributions (Boltzmann thermody-
namic equilibrium). This approach indirectly takes into
consideration nonequilibrium shear effects by modulating
directly the medium anisotropy and the interparticle ad-
hesive strength.

A. Backscatter at 5 MHz

The backscattering coefficient at 5 MHz was angular
independent, as its values perpendicularly and in parallel
with the cluster axis were not significantly different. Vari-
ations of χ0 as a function of (ε, ν), therefore, characterize
low frequency sensitivity to the overall size of the clusters,
independently of their orientation. However, the plateau
value limε→∞ χ0 decreases with the anisotropy index ν.
This finding seems rather counter-intuitive. However, it
must be noted that the parameter ν does not affect only
interaction orientation. It also has an effect on the size of
the clusters because the morphological characteristics of
clusters vary with the interaction ellipse elongation.

The strongest variations of the backscatter as a func-
tion of ε were observed at low frequency. These results,
therefore, show that the presence of aggregation should be
detected more easily at low frequency than at high fre-
quency. Foster et al. [14] also noticed this decrease of sen-
sitivity when increasing the frequency (in their study of
a normal blood, backscatter enhancement due to a shear
diminution 32 s−1 → 0.16 s−1 was +14.3 dB at 35 MHz
and reduced to +2.9 dB at 70 MHz). This phenomenon is
equivalent to the decrease of the spectral slope with ε.

However, the insensitivity of χ0 to the insonification an-
gle proves that high-frequency tissue features carry com-
plementary informations on medium microstructure that
low-frequency scattering properties cannot measure. For
instance, angular information such as the orientation of
the main axis of the clusters can be measured only at high
frequencies.

B. Spectral Slopes

1. Isotropic Conditions: The spectral slopes {nx, ny}
are high-frequency informations that are expected to com-
plete the partial microstructural description provided by
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χ0. When no aggregation occurs, nx = ny and their com-
mon value (4.21 ± 0.04) is greater than 4, the theoretical
slope expected in the Rayleigh scattering regime [21]. The
steric repulsions that induce repulsive correlations on par-
ticle positions explain this increased value. Similar results
for dense media were already predicted in analytical theo-
retical studies [21], [31] and were observed in experimental
investigations [32], [33].

The increase of ε, keeping ν = 0, resulted in a decrease
of the spectral slope from 4.21 to 3.4 (Fig. 7). This can
be compared to various in vitro blood measurements: Van
der Heiden et al. [34] measured slope decrease from 3.1
to 1 (along Oy, frequencies 20–40 MHz) for shear rate
decreasing from 1000 s−1 to 0.02 s−1, and Foster et al.
[14] demonstrated that the spectral slope between 30 and
70 MHz could fall from 3.5 to 0.4 when the shear rate fell
from 32 s−1 to 0.16 s−1. The range of variations given by
our results, however, is smaller than these experimental
values. These discrepancies are probably due to the bidi-
mensionality of the simulations. Three-dimensional spatial
patterns generally can adopt many more variable config-
urations than in 2-D, which possibly affects the range of
the acoustical properties.

2. Anisotropic Conditions: The anisotropy of the
medium is acoustically revealed by differences existing be-
tween nx and ny when ν > 0. The parallel slope nx

decreases faster than ny when anisotropic clusters grow
along Ox. Anisotropic backscattering behavior has been
reported already in a variety of tissues: blood [15], myocar-
dial fibers [35], skeletal muscle [36], kidney [37], and vessel
wall [38]. These studies also suggested that the backscat-
tered power is maximal when the US beam perpendicularly
intersects the biggest structures. The experimental study
on porcine blood flowing in a stationary Poiseuille flow
by Allard et al. [15] showed that the maximum Doppler
power at 10 MHz is observed for an insonification angle
between 45 and 60 degrees. Anisotropy in the US backscat-
ter, therefore, was also present in this context. Poiseuille
flow is characterized by a nonhomogeneous velocity field
and shear distribution, so it is difficult to conclude at this
point whether the maximal backscatter appeared at an
angle perpendicular to aggregate rouleaux.

In the simulation study by Fontaine et al. [39] that uses
a 2-D particle dynamics approach to document the effect
of shear rate on the backscattered power, the angular de-
pendence also was different from present results. The finite
beam and nonzero bandwidth of the transmitted acoustic
pulse, as considered in [39], likely contribute to this differ-
ence of scattering behavior.

3. Propositions for Further Experimental Results: Sev-
eral new experimental investigations would be of major
interest to verify the veracity of these simulation results.
The link between the amplitude of adhesive interparticle
interactions and the low-frequency backscatter has to be
experimentally explored. If such a relation was established,
US backscatter could be a new measurement tool for cellu-

lar biophysics and more generally for colloid physics. High-
frequency studies (typically 10 to 20 MHz), often limited
by attenuation, also need to be performed to verify the an-
gular dependence of the backscatter. Previous results ob-
tained by [15] should be quantified by the backscattering
coefficient rather than by the Doppler power, and prefer-
ably in a stationary shear flow (Couette system).

V. Conclusions

A new stochastic approach for modeling the spatial pat-
tern formed by RBCs in blood was proposed in this 2-D
study. It enabled us to assess the influence of erythrocyte
aggregation (characterized by an adhesion energy ε) and
rouleaux orientation (anisotropy index ν) on the macro-
scopic US properties of blood. The frequency and angular
dependencies of blood backscatter were characterized by
three indices: the (isotropic) backscatter χ0 at 5 MHz and
two spectral slopes (nx, ny) in parallel and perpendicular
to the growth direction of RBC clusters. The backscatter
χ0 increased with the adhesion strength ε. The spectral
slope nx decreased with ε while ny remained nearly con-
stant. This entails that blood backscatter for frequencies
ranging between ∼10 and 40 MHz is more pronounced per-
pendicularly than in parallel with the aggregate principal
axis.

From our results, high-frequency acoustical proper-
ties could convey microstructural information (about the
anisotropy and elongation of the cell clusters). Three-
dimensional simulations in the same controlled aggregating
conditions would be useful to precise the sensitivity and
variability of the spectroscopic backscatter characteristics
to quantitatively infer cell interactions.
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Trois-Rivières, Québec, Canada, in 1983, and
his M.Sc. and Ph.D. degrees in biomedi-
cal engineering from the École Polytechnique
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