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To study the shear-thinning rheological behavior of blood, an acoustical measurement of the
erythrocyte aggregation level can be obtained by analyzing the frequency dependence of ultrasonic
backscattering from blood. However, the relation that exists among the variables describing the
aggregation level and the backscattering coefficient needs to be better clarified. To achieve this
purpose, a three-dimensional random model, the Neyman–Scott point process, is proposed to
simulate red cell clustering in aggregative conditions at a low hematocrit (H⬍5%). The frequency
dependence of the backscattering coefficient of blood, in non-Rayleigh conditions, is analytically
derived from the model, as a function of the size distribution of the aggregates and of their mass
fractal dimension. Quantitative predictions of the backscatter increase due to red cell aggregation are
given. The parametric model of backscatter enables two descriptive indices of red cell aggregation
to be extracted from experimental data, the packing factor W and the size factor ⌬. Previously
published backscatter measurements from porcine whole blood at 4.5% hematocrit, in the frequency
range of 3.5 MHz–12.5 MHz, are used to study the shear-rate dependence of these two indices.
© 2001 Acoustical Society of America. 关DOI: 10.1121/1.1419092兴
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I. INTRODUCTION

Blood is a complex tissue to characterize by ultrasonic
means because of its heterogeneous structure. Blood interacts with acoustic waves because of the presence of cells
flowing in the plasma 共99% are red cells兲 that scatter ultrasound nonisotropically. The high density of red cells 共their
volumic fraction reaches about 45%兲 and their ability to form
reversible aggregates under the cumulative effects of chemical, physical and hydrodynamic interactions create intricate
spatial structures that influence the scattering properties of
blood.
Clinically, the purpose of blood characterization by ultrasound is to offer the possibility of investigating in vitro
and in vivo the rheological attributes of blood. The viscoelasticity and the thixotropy of blood strongly depend on the
formation and disruption of red blood cell aggregates and
any disturbance in these mechanical parameters can alter the
micro and macrocirculation by initiating stasis zones, enhancing thrombus formation, and favoring tissue ischemia.1
It would consequently be relevant to assess in vivo the
hemorheological disorders of patients and to take them into
account in conventional cardiovascular risk profiles.2
Classical tissue characterization techniques consist of
finding the frequency dependence of attenuation and backscatter properties of the material and using them as acoustical indicators of the underlying microstructure. This was
proven useful to detect diseased tissues in several clinical
applications. Infarcted myocardium,3 atherosclerotic carotid
arteries4 or cirrhotic livers5 were shown to have scattering
properties that differ from their healthy counterparts. Spectral characterization of blood backscattering has already been
performed experimentally6 – 8 and has shown sensitivity to
the microstructural packing state of the red blood cells.
Theoretical efforts have been made to elucidate the relation between the backscattering properties of blood, usually quantified by the value of the backscattering coefficient,
and the frequency of the incident wave, the hematocrit, the
flow condition 共steady state or turbulent兲, or the red cell aggregation level.9–13 Twersky9 proposed a parameter called
packing factor to describe the backscattering coefficient of a
distribution of hard particles. The primary assumption of this
theory is that the spatial scale of the inhomogeneities in
acoustical impedance must be much smaller than the acoustical wavelength.
This approximation succeeds to explain the hematocrit
dependence of the backscattering by nonaggregating suspensions of red cells but fails to predict the frequency dependence observed in experimental conditions when red cell aggregation is significant. As the packing factor is independent
on the frequency, the backscattering coefficient is expected
to increase linearly with the fourth power of the frequency14
in the low frequency approximation. However Yuan and
Shung,6 Foster et al.,7 and Van der Heiden et al.8 observed
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that the frequency dependence of blood is lower when the
flow rate is decreased, and thus when the aggregation is enhanced for frequencies as low as 3.5 MHz.
These results suggest that the theoretical understanding
of blood scattering at higher frequencies is incomplete. We
propose to generalize the packing factor theory for higher
frequencies by introducing the frequency-dependent structure factor. It is intended to use it as a spectral signature of
the aggregation process that is more relevant for ultrasonic
characterization than a single measurement at a low frequency.
The purpose of this study was to predict the frequency
dependence of the backscattering coefficient from blood
characterized by different levels of red blood cell aggregation. It is hypothesized that the spatial pattern formed by the
aggregates of red cells governs the backscattering strength of
blood. Red cell positioning is modeled as a random spatial
point-process and it is considered that red cell aggregation
modifies the statistical parameters of this random phenomenon. The Neyman–Scott process 共NSP兲 gives a random
framework that is convenient for the analytical derivation of
the backscattering coefficient. In this paper, the method used
to theoretically predict the backscattering coefficient of a
weak scattering suspension is described in Sec. II, then the
NSP is introduced in Sec. III to model red cell aggregation
and to derive the analytical expression of the backscattering
properties of blood. In Sec. IV, results on the predicted effects of red cell aggregation on the backscattering coefficient
are given, and the question of inferring descriptive aggregation parameters using experimental backscatter data is discussed.

II. SCATTERING BY A SUSPENSION OF WEAK
SCATTERERS
A. Decomposition of the backscattering coefficient

The propagation of an acoustic wave into a linear medium depends on the spatial distribution of density  0 (x) and
compressibility  0 (x), where x represents the spatial position. When these spatial functions are precisely known, the
wave equation can be theoretically solved once the source
parameters are given, and conveys the relation between the
pressure measured at the surface of the receiver and the various acoustic properties of the medium. In a heterogeneous
medium like blood, it would be difficult to describe accurately the exact spatial distributions of density and compressibility. This is why the propagation medium is seen, in this
article, as a realization of a random process which can be
characterized by statistical mean parameters that depict its
macroscopical properties. Measurement of the backscattering
properties of a sample of this material should provide clues
on the value of these mean parameters as shown in this section.
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B. Pair-correlation function of a point process and
structure factor

The structure factor S(q) can be influenced in a complex
way by the hematocrit H, the geometric dimension of the
particle and also by the physical factors governing the aggregation process. To theoretically estimate variations of the
structure factor, the positioning of the scatterers in the medium is considered as a realization of a random point process, that obeys a random model with average parameters
characterizing the aggregation level. Theoretically, a point
distribution can be described by its microscopic density
N(x):

FIG. 1. Scattering experiments and symbols.

In this paper, we assume that an ideal backscattering
experiment 共Fig. 1兲 consists of the insonification of a material volume dV by a monochromatic pressure plane wave of
intensity I incident and by the measurement of the power d P of
the backscattered wave into a small solid angle d⍀. The
result is expressed in normalized terms 共m⫺1 sr⫺1兲 by the
differential backscattering coefficient. If the incident plane
wave has a wave vector k ( 兩 k兩 ⫽2  /,  being the wavelength兲, the 共differential兲 backscattering coefficient  (k) is
defined by:

 共 k兲 ⫽

dP
.
I incidentd⍀ dV

共1兲

The fluctuations in density and compressibility within
blood are supposed small enough to hypothesize that the
Born approximation is valid. We also assume that the medium dV is composed of M ⫽m dV identical spherical particles whose centers are positioned in 兵 xi 其 i⫽1...M , m being the
number density of the particles. The M particles are embedded in a homogeneous medium 共like the plasma兲 with a
mean characteristic acoustical impedance Z 0 .
These hypotheses allow to write the backscattering coefficient in the known factorized form:9

 共 k兲 ⫽mS 共 ⫺2k兲  b 共 ⫺2k兲 .

共2兲

In Eq. 共2兲 are introduced the structure factor S(q)
M
e ⫺ jq•xi 兩 2 , function of the scattering vector q
⫽(1/M ) 兩 兺 i⫽1
⫽⫺2k, and the backscattering cross-section of the individual scatterer  b (⫺2k).
For weak scattering spherical particles of radius a and
volume V s ⫽ 34  a 3 , the backscattering cross-section is given
by:15

 b 共 ⫺2k兲 ⫽

冉

1 2 2 4 sin共 2ka 兲 ⫺2ka cos共 2ka 兲
V C̄ k 3
42 s
共 2ka 兲 3

冊

2

, 共3兲

where C̄⫽(Z p ⫺Z 0 )/Z 0 is the small relative mismatch between Z p , the particle impedance, and Z 0 .
Equation 共2兲 exhibits the expected result that the scattering strength of a tissue depends on the intrinsic acoustical
properties of the scatterers, described by the backscattering
cross-section  b (⫺2k), and also on the spatial positioning
of particles whose second order statistics are described by
the structure factor S(q). The aggregation phenomenon is
supposed to only affect the structure factor, as red cell properties and hematocrit remain constant in the sample macroscopical volume.
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M

N 共 x兲 ⫽

兺 ␦ 共 x⫺xi 兲 ,

共4兲

i⫽1

where ␦ is the Dirac ␦-function and X⫽ 兵 xi 其 i⫽1...M are considered as random positions of the scatterers. Writing N̂(q)
⫽ 兰 N(x)e ⫺ jq•x dx the Fourier transform of the microscopic
density, the mean structure factor can be derived from the
mean energy spectrum of N(x) by:
S 共 q兲 ⫽

E 关 兩 N̂ 共 q兲 兩 2 兴
,
M

共5兲

where E 关 兴 represents the expected value of a random variable. The pair-correlation function
g 共 r兲 ⫽

P 共 x苸X and x⫹r苸X 兲
,
P 共 x苸X 兲 P 共 x⫹r苸X 兲

can be related to the structure factor. Writing E 关 N(x)N(x
⫹r) 兴 ⫽m 2 g(r)⫹m ␦ (r), one derives9 for q⫽0:
S 共 q兲 ⫽1⫹m

冕

共 g 共 r兲 ⫺1 兲 e ⫺ jq•r dr.

共6兲

This formula shows that variations of the pair-correlation
function induced by changes in the spatial organization of
the red cells will directly affect the structure factor and the
scattering properties of blood.

C. Correlation length and corresponding scattering
regimes

Depending on the relative values of the correlation
length l cor , defined by 兩 r兩 ⬎l cor⇒g(r)⫽1, and of the wavelength , two different aggregation regimes can be distinguished. This correlation length can be roughly seen as the
diameter of the clusters present in the medium.
1. Rayleigh scattering

When l corⰆ, we have the low frequency approximation that leads to the definition of the packing factor W, the
zero-frequency limit of the structure factor. This happens
when scatterers are aggregated in clusters much smaller than
the wavelength. In this case,
lim S 共 q兲 ⫽W⫽1⫹m
q→0

冕

共 g 共 r兲 ⫺1 兲 dr,

共7兲

and
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1
HWV s C̄ 2 k 4 .
42

共8兲

A medium with uncorrelated particles, corresponding to
l cor⬇0 has thus a unit packing factor. A low hematocrit (H
⬍5%) suspension of nonaggregating red blood cells can be
approximated by such a model. The packing factor can be
seen as a corrective factor that takes into account the correlations between positions of scatterers. The variations of the
packing factor with the hematocrit, polydispersity and shape
of hard particles have been theoretically studied by
Twersky.9,16 For nonaggregating particles, W tends toward 1
when the hematocrit H is low, and vanishes when H is close
to 100%, because, in this case, heterogeneities giving birth to
scattering no longer exist in the medium. The peak of low
frequency backscattering, that arises when HW is maximal,
occurs for H max⬇13% for nonaggregating spheres but can
vary with the shape of the scatterers or with the polydispersity of the distribution.16
By definition, W does not depend on the frequency. This
low frequency approximation can thus only consider the
fourth power frequency dependence (k 4 ) of the backscattering coefficient in the Rayleigh scattering regime.
2. Non-Rayleigh scattering and aggregation

At least two situations can provoke the irrelevance of the
low frequency approximation: either when the acoustical frequency is increased 共to obtain a better spatial resolution兲 or
when the aggregation level is so elevated that the correlation
length l cor becomes non-negligible compared to the wavelength. One can test the validity of these assumptions by
estimating the frequency dependence of the backscattering
coefficient, which should be proportional to k 4 under Rayleigh conditions.
Frequency dependencies of the backscattering coefficient of whole blood as low as k 1.3 共in the frequency range of
22–37 MHz,8 at a shear rate under 1 s⫺1兲 or k 0.4 共in the range
30–70 MHz,7 at a shear rate of 0.16 s⫺1兲 have been reported
in the literature. This shows that the Rayleigh approximation
is inappropriate to study scattering from aggregating red
cells as a function of the frequency. A particular random
spatial point process, the Neyman–Scott process 共NSP兲, is
proposed to predict the effect of aggregation on the backscatter data and to clarify the relation between the frequency and
the backscattering coefficient.
III. MODELING OF RED CELL AGGREGATION BY THE
NEYMAN–SCOTT PROCESS
A. Random point processes

We consider that the set of positions X⫽ 兵 xi 其 i⫽1...M of
the particle centers is the realization of a random spatial process, M being either constant or a random variable such as
E 关 M 兴 ⫽m dV. To fully characterize a point process, one can
specify17 the random numbers Z X (B) of points falling into a
compact set B included in dV. The process of aggregation is
supposed locally stationary in the sample volume, which implies that the random variable Z X (B) depends only on the
shape of B and not on the position of its center. The pairJ. Acoust. Soc. Am., Vol. 110, No. 6, December 2001

correlation function can simply be seen as a second order
property, when B is the pair of points 兵 x,x⫹r其 :
g 共 r兲 ⫽
⫽

P 共 x苸X and x⫹r苸X 兲
P 共 x苸X 兲 2
1⫺2 P 共 Z X 共 兵 x其 兲 ⫽0 兲 ⫹ P 共 Z X 共 兵 x,x⫹r其 兲 ⫽0 兲
. 共9兲
关 1⫺ P 共 Z X 共 兵 x其 兲 ⫽0 兲兴 2

X is said to be a Poisson process with number density m
when Z X (B) is a Poisson random variable with mean value
mV B , V B being the volume of B. In this case, Eq. 共9兲 with
P 关 Z X (B)⫽0 兴 ⫽e ⫺mV B gives g(r)⫽1. No spatial structure
exists in the Poisson point process as the correlation length is
zero, and this is why a Poisson point process can be described as a complete random distribution. The evaluation of
the structure factor gives, at all frequencies, S(q)⫽1. A stationary Poisson point process thus cannot be an appropriate
model to simulate clusters of scatterers as encountered in
certain red cell aggregation conditions.

B. The Neyman–Scott point process

The Neyman–Scott process is a random point process
commonly used to model clusters of points. This random
model efficiently described different statistical spatial data
such as the positioning of trees in the forest,18 the distribution of precious stones in soil19 or the patterns of rainfall
cells.20
The red cells are supposed to be grouped in clusters
having random features obeying the same probability law.
We intend to characterize aggregate morphology by a small
number of geometrical quantities taken as aggregation indices. However, the relation between the different physical interactions involved in the aggregation process 共hydrodynamics, depletion or bridging effects of the plasmatic
macromolecules, electrostatic forces兲 and the microstructural
factors defining the configurations of erythrocyte clusters
will not be directly modeled, as we only want to geometrically describe the aggregation level.
The basis of a realization of an NSP lies on a Poisson
process Y with a number density m 0 . Each point Yi is the
center of the ith cluster surrounded by a random number
N c (i) of points, sampled from a random variable N c . To
construct this cluster, N c (i) independent realizations
兵 Xil 其 l⫽1...N c (i) of a random vector X are generated, and the
N c (i) points Yi ⫹Xil compose the cluster. The microscopic
density N(x) can then be written as:
N c共 i 兲

N 共 x兲 ⫽

兺i l⫽1
兺

␦ 共 x⫺Yi ⫺Xil 兲 .

共10兲

The parameters needed to fully describe the NSP are thus:
共1兲 the number density m 0 of the centers of clusters 兵 Yi 其 ,
共2兲 the discrete probability density function P(N c ⫽n) of the
random number N c of points per cluster,
共3兲 the spatial probability density function f X (x) of the random vector X 共with mean 0兲, that characterizes the cluster size.
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The characteristic function and the two first moments of
the discrete distribution Z NSP(B) have already been
computed17 as a function of the moments of N c (n c
⫽E 关 N c 兴 and  2c ⫽Var关 N c 兴 ), of f X (x) and of the shape of B.
The number density m equals m 0 n c and the pair-correlation
function g(r) can be determined and is given by:
g 共 r兲 ⫽1⫹

冉

1  2c
⫹n c ⫺1
m nc

冊冕

f X 共 x兲 f X 共 x⫹r兲 dx.

共11兲

According to Eq. 共6兲, the structure factor can also be
derived by computing the Fourier transform of g(r)⫺1:

冉

 2c
⫹n c ⫺1
S 共 q兲 ⫽1⫹
nc

冊冏 冕

冏

2

f X 共 x兲 e ⫺ jq•x dx .

共12兲

C. Aggregation parameters

The random spatial probability density f X (x) physically
characterizes the spatial dimension of the clusters by determining the dispersion of the red cells around the center of an
aggregate. We consider here the simplest random vector distribution to model f X (x), i.e., the Gaussian model with zero
mean and covariance matrix E 关 XT X兴 ⫽⌽ T ⌺⌽. The diagonal
matrix ⌺ represents the spatial standard deviations in the
principal axes, and the orthogonal matrix ⌽ is the matrix of
the unitary principal axes 兵 e1 ,e2 ,e3 其 of the clusters. An anisotropic shape of the clusters would result in different eigenvalues 兵  21 ⭓  22 ⭓  23 其 of the covariance matrix E 关 XT X兴 . On
the contrary, if the clusters are isotropic, the covariance matrix takes a simple spherical form: E 关 XT X兴 ⫽  2 I, where I is
the identity matrix.
The structure factor can then be analytically computed
by using Eq. 共12兲:
S 共 q兲 ⫽1⫹

冉

冊

 2c
⫹n c ⫺1 exp关 ⫺ 共 ⌽q兲 T ⌺ 共 ⌽q兲兴 .
nc

共13兲

If the clusters are isotropic, the pair-correlation function
and the structure factor have a simpler expression:

冉

冊

g 共 r兲 ⫽1⫹

 2c
1
⫹n c ⫺1 exp关 ⫺2 ⫺3/2兩 r/  兩 2 兴 ,
4  3/2m  3 n c
共14兲

S 共 q兲 ⫽1⫹

冉

and

冊

 2c
⫹n c ⫺1 exp 关 ⫺ 兩  q兩 2 兴 .
nc

共15兲

To link the spatial standard deviation  , related to the
gyration radius of the clusters, to the first two moments
兵 n c ,  c 其 of N c , a fractal-like behavior is assumed by
writing:21

 /a⫽ 共 n c ⫺1 兲 1/D .

共16兲

The fractal dimension D morphologically characterizes
the growth process of the aggregates. Linear aggregates as
the rouleaux have a fractal dimension close to 1, whereas
compact spherical aggregates have a greater fractal dimension close to 3. As an isotropic model was adopted in the
current study, D is related to the packing compactness of the
3256
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FIG. 2. 2D realizations of a Neyman–Scott model in a unit window. H
⫽0.4, a⫽0.01, D⫽2. N c is uniformly taken between 1 and 2n c ⫺1, where
共a兲 n c ⫽1, 共b兲 n c ⫽5, 共c兲 n c ⫽15.

aggregates. The distance between particles of the same cluster tends to decrease when D increases.
Combination of Eq. 共15兲 and Eq. 共16兲 yields the expression of the Gaussian isotropic structure factor:

冉

S 共 q兲 ⫽1⫹ 共 W⫺1 兲 exp ⫺

冊

兩 aq兩 2
.
2⌬ 2

共17兲

Two nondimensional aggregation parameters, W, the packing
factor, and ⌬, a size factor, contribute to S(q):
共1兲 W⫽n c ⫹(  2c /n c ) increases when the number of cells per
aggregate grows. W can be seen as an indicator of the
size of aggregates in terms of number of cells per aggregate. W is the limit of the structure factor when the incident frequency tends toward zero.
共2兲 ⌬⫽(1/冑2)(n c ⫺1) ⫺1/D ⫽a/( 冑2  ) decreases when the
spatial dimension of the cluster increases. This index ⌬
is related to the spatial extent of the clusters and controls
the rate of decrease of the structure factor between W
and 1, when varying the incident frequency.
Figure 2 illustrates spatial patterns generated by the
NSP. Three 2D realizations 共2D simulations are here shown
for convenience but all results presented in the rest of the
paper are three-dimensional兲 are shown in a unit window
with H⫽0.4, a⫽0.01, D⫽2, and with N c , taken as a random integer uniformly distributed between 1 and 2n c ⫺1,
with n c ⫽1, 5 and 15. Table I gives the packing factors and
the size factors corresponding to these configurations.

D. Analytical formulation of the backscattering
coefficient

By substituting Eqs. 共17兲 and 共3兲 into Eq. 共2兲, and noting
that m⫽H/V s , one obtains the backscattering coefficient of
Savéry and Cloutier: Backscattering from aggregating cells

TABLE I. Values of the packing factor and of the size factor for the 2D
simulations shown in Fig. 2. The fractal dimension is D⫽2.
nc

W

⌬

 /a

1
5
15

1
6.3
19.7

⫹⬁
0.35
0.19

0
2
3.7

a medium composed of weak scattering spherical particles
with an arrangement described by an isotropic Gaussian
Neyman–Scott model:

 兵 W,⌬ 其 共 k 兲 ⫽

冋

1
sin 2ka⫺2ka cos 2ka
HC̄ 2 共 ka 兲 4 3
3a
共 2ka 兲 3
⫻ 共 1⫹ 共 W⫺1 兲 e ⫺2 共 ka 兲

2 /⌬ 2

兲.

册

2

共18兲

IV. RESULTS AND DISCUSSION

Because of the variations of the structure factor with the
packing factor W and the size factor ⌬, the backscattering
coefficient of blood varies with the morphology of the red
cell aggregates. Depending on the range of frequencies studied, the sensitivity of the backscattering coefficient to
changes in aggregation properties can also vary. The proposed model allows to evaluate both the effect of the aggregate size, quantified by the two first moments of the random
number of cells per aggregate, n c and  c , and the effect of
the geometrical compactness of the aggregates, described by
the mass fractal dimension D. In this section, the effect of
these factors on the frequency dependence of the backscattering coefficient is studied, and an inversion method is proposed to infer aggregation level of porcine red blood cells
from experimental backscatter data previously reported in
the literature.6

A. Relation between the backscattering coefficient
and the frequency

Figure 3 shows the relation between the backscattering
coefficient of diluted porcine blood, computed by the model,
and the incident frequency for varying sizes of aggregates
(D⫽2,  c /n c ⫽10%). The chosen hematocrit was H
⫽4.5%. The radius a of the red cells was 2.5 m, and the
relative impedance mismach was chosen at 0.11 by taking
published values22 of the compressibilities and densities of
the porcine red cells and of the plasma. The speed of sound
c was assumed to be 1540 m s⫺1.
Several features should be noted, depending on the
range of frequencies studied.
• At very low frequencies, the red cells in a single aggregate
are concentrated in a domain much smaller than the acoustical wavelength and consequently scatter coherently without phase delay. The aggregates can then be considered as
single Rayleigh scatterers with an effective volume WV s .
Since the central positions of the aggregates are spatially
Poisson-distributed in the NSP 共at this low hematocrit condition兲, the backscattered power is simply proportional to
WV s , and thus is sensitive to variations of the number of
cells per aggregate. Furthermore, Rayleigh scattering implies that the backscattering coefficient increases proportionally with k 4 , as observed in Fig. 3.
• At very high frequencies, red cells are separated by distances corresponding to many wavelengths. Phases between backscattered echoes are then uniformly distributed
between 0 and 2  and the structure factor S(q) becomes
1. The backscattered power is no longer sensitive to the
aggregation process but only to the intrinsic properties of
the red cells. Figure 3 shows that all curves asymptotically
approach this aggregation-independent form. When the
frequency reaches 1.37⫻(c/2 a)⫽134 MHz 共corresponding to the maximal backscattering cross-section of the red

FIG. 3. The backscattering coefficient
of porcine blood as a function of the
frequency for different aggregation
conditions as predicted by the
Neyman–Scott modeling.
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FIG. 4. The backscattered power increase due to the aggregation of red
blood cells as predicted by the
Neyman–Scott modeling, as a function of the mean number of cells per
aggregate n c , for different frequencies
and fractal dimensions of aggregates.
The hematocrit is fixed at H⫽4.5%
and the polydispersity is characterized
by  c /n c ⫽10%. The reference power
is the disaggregated state, when n c
⫽1 and  c ⫽0.

cell兲, the backscattering coefficient has a maximal value
and then further decreases because of the progressive cancellation of the echoes scattered by the spherical particles.
This results from the fact that the wavelets backscattered
by boundaries of the particles interfere when the dimensions of the particle are comparable to the wavelength.
• The intermediate frequency range between the two previous scattering regimes is characterized by a decrease of the
spectral slope  log (k)/ log k. When the gyration radius
of the aggregates is elevated, the size factor ⌬ decreases.
This transition then appears at lower frequencies and is
more pronounced when the packing factor W has a high
value. The experimental observation that the frequency dependence decreases in presence of red cell aggregates
could be explained by this transitional scattering behavior:
non-Rayleigh effects occur more markedly when aggregates are present.

B. Relation between the backscattering coefficient
and the size of aggregates

Figure 4 shows the variations of the backscattering
coefficient at three fixed frequencies 共5 MHz, 15 MHz and
40 MHz兲 as a function of the mean number of cells per
aggregate and fractal dimension D. A constant hematocrit
H⫽4.5% and a polydispersity characterized by  c /n c
⫽10% were used for these computations. Results are presented in terms of the power increase 共in dB兲 due to the
aggregation in comparison with the disaggregated state
关when S(q)⫽1].
The increase in backscattered power due to aggregation
is conditioned both by the fractal dimension of the clusters
and by the mean number of particles inside the aggregate.
When n c Ⰶ(/a) D , the power increase is simply proportional to n c : the suspension behaves as a collection of bigger
particles with size  that satisfies the Rayleigh hypothesis
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 Ⰶ. Combination of a compact growth of aggregates (D
⬇3) and of a low frequency insonification results in this
type of scattering.
After this linear increase, the raise in power peaks and is
controlled by the unphasing. The higher the frequency, the
less pronounced is the relative increase of the backscatter
due to aggregation.
A spatial growth of the aggregates, without variation of
the number of cells per aggregate, would result in phase
differences between echoes coming from the cells of the
cluster and thus in a decrease of the backscattered power. On
the other hand, an increase of the number of scatterers in the
clusters, keeping the aggregate volume constant, increases
the scattering strength of each aggregate. These reasons explain why an increase of n c has two competitive effects: an
increase of the power due to the compaction of the aggregate, and a decrease of the power due to the spatial dilation
of the aggregates resulting in incoherent echoes.
Generally, for a fixed number of cells per clusters, the
power increase is bigger when the clusters are compact,
and thus when D is closer to 3. The effect of the fractal
dimension is more pronounced when the aggregates are
bigger.
As shown in Fig. 4, in aggregative conditions, a level of
backscattering coefficient ambiguously corresponds to two
different values of n c . Moreover, the fact that two factors, W
and ⌬, characterize the NSP, shows that at least two measurements must be accomplished to estimate their values.
This therefore suggests that a good characterization of the
aggregation phenomenon requires measurements on a large
band of frequencies rather than at a single frequency. The
following subsection gives a method to extract morphological informations on the aggregates by performing measurements over a whole range of frequencies. This can be technically achieved by using either a broadband transducer that
emits short pulses and by making a spectral analysis of the
Savéry and Cloutier: Backscattering from aggregating cells

FIG. 5. Experimental backscatter data
obtained by Yuan and Shung 共Ref. 6兲
for porcine whole blood flowing at different shear rates, for a hematocrit H
⫽4.5%. Fitted curves are also shown
with estimated values of W 共packing
factor兲 and  /a 共normalized radius of
the aggregates兲.

backscattered signal, or by using several transducers with
different central frequencies.

S i⫽

V s i
H  b 共 ⫺2k i 兲

with
C. Extraction of structural information on the
aggregation level from backscattering experiments

In Fig. 5, mean results of backscattering experiments
obtained by Yuan and Shung6 are presented for porcine
whole blood, circulating in a laminar shear flow, at a low
hematocrit H⫽4.5%. The in vitro model, used by these authors, allowed to control the flow rate inside a cylindrical
tube and consequently to modulate the aggregation level of
the red cells by changing the mean shear rate. Five different
transducers were used to study the frequency dependence of
the backscattering coefficient. Mean backscattering coefficients measured for mean shear rates of 2 s⫺1, 10 s⫺1 and 22
s⫺1 are shown 共the plasmatic fibrinogen concentration, a protein that affects the level of aggregation, was kept constant at
210 mg/dl in the three experiments兲. As expected, at a fixed
frequency, the backscattering coefficient decreased when the
shear rate increased. The spectral slope is 4 at a shear rate of
22 s⫺1 and decreases with decreasing shear rate 共a power law
fitting between 3.5 MHz and 12.5 MHz gives a mean spectral slope of 3.7 for 10 s⫺1, and 3 for 2 s⫺1兲.
To assess the aggregation state of the red cells for these
flowing conditions, a regression method was used to estimate
the parameters W and ⌬. The analytical expression of the
structure factor obtained by the model was fitted to experimental structure factors derived from experimental measurements of backscattering coefficients.
Supposing that the experimental backscattering coefficients 兵  i 其 i⫽1...M f were measured at M f different frequencies
兵 f i 其 i⫽1...M f , the corresponding experimental structure factors
兵 S i 其 i⫽1...M f can be computed by using Eq. 共2兲. Noting k i
⫽2  f i /c the sequence of wave numbers, one obtains:
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 b 共 ⫺2k i 兲 ⫽

冏

冏

2

4a 2
sin 2k i a⫺2k i a cos 2k i a
.
共 k i a 兲 4 C̄ 2 3
9
共 2k i a 兲 3

共19兲

If the blood sample is characterized by the structure factor W and the size factor ⌬, the theoretical structure factors
at the same frequencies should be given by Eq. 共17兲:

冉

⫽1⫹ 共 W⫺1 兲 exp ⫺
S theory
i

f 2i
2 f 20

冊

⌬ ⫺2 ,

共20兲

with f 0 ⫽c/4 a⫽49 MHz for porcine red blood cells.
A nonlinear regression on the parameters 兵 W,⌬ 其 was
performed by minimizing the mean quadratic error J(W,⌬)
between the theoretical and the experimental values. It is a
two variables optimization problem that consists in minimizing a least-square criterion:
1
J 共 W,⌬ 兲 ⫽
兲2
共 S i ⫺S theory
i
Mf i

兺

⫽

1
Mf

兺i 共 S i ⫺1⫺ 共 W⫺1 兲 e ⫺ f /2f ⌬
2
i

2 ⫺2
2
0

兲 .

共21兲

The Nelder–Mead simplex algorithm was used to
solve this nonlinear regression problem. The estimates
兵 Ŵ,⌬ˆ 其 and the minimal value J min⫽J(Ŵ,⌬ˆ ) correspond to
1/2
. The resulting curves of the
the best prediction error J min
frequency dependence of the backscattering coefficient appear in Fig. 5.
Table II gives the numerical values of the aggregation
parameters obtained by this fitting procedure. The aggregate
spatial extent ˆ and the packing factor Ŵ are both decreasing
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TABLE II. Estimated values of the aggregation parameters corresponding to
experimental data obtained by Yuan and Shung 共Ref. 6兲.
Shear rate 共s⫺1兲

Ŵ

⌬ˆ

ˆ /a

1/2
error J min

2
10
22

305
17.6
3.7

0.31
0.51
⫹⬁

4.6
2.8
0

21
0.8
0.5

with the shear rate. The hypothesis of the disruption of the
clusters with an increase of the shear forces is compatible
with this tendency.
To reconstitute the aggregate morphology, the three variables 兵 n c ,  c ,D 其 are required, but the nonlinear regression
only supplies two factors. In order to estimate the moments
n c and  c of N c , the fractal dimension D is supposed to be
known. The estimated mean number d
n c of red cells per aggregate and the polydispersity d
 c are computed by using the
⫺1/D
ˆ
d
 2c /nd)
d⫺1)
.
two relations Ŵ⫽nd⫹(
c
c and ⌬⫽(1/冑2)(n
c
Table III gives the resulting values of d
n c and d
 c for different
fractal dimensions. Some fractal dimensions do not always
allow the inversion of the relation, which shows that they
may not be physically possible. For a shear rate of 10 s⫺1,
e.g., ˆ 2c is found negative for D⫽3: the aggregates must
have a lower fractal dimension than 3. For a high shear rate,
the fractal dimension has a low impact because the size of
the aggregates remains small.
Three-dimensional realizations of the NSP are generated
to visually show the spatial organization of the red cell aggregates 共Figs. 6, 7, 8兲. The random number of cells per
aggregate (N c ) is supposed to follow a log-normal
distribution23 with the fitted variance and mean. The chosen
hematocrit is still 4.5%. For these simulations, we hypothesized that at a shear rate of 2 s⫺1, the clusters are more
compact and thus have a fractal dimension close to 3,
whereas that for a shear rate of 10 s⫺1, D is smaller 共simulation is generated for D⫽2). When the shear rate is 22 s⫺1,
the fractal dimension does not influence the structure because most of the aggregates are disrupted (n c ⬇1).

FIG. 6. A realization of the Neyman–Scott process for fitted parameters n c ,
 c and  , corresponding to experiments with blood flowing at a shear rate
of 2 s⫺1 and a hematocrit H⫽4.5%. The fractal dimension D is 3. The
simulation was generated in a cube with dimensions of 150 m.

cells, that create the fluctuations of impedance, are all similar
in shape, and that their relative positioning in the scattering
volume results from a stationary random process. The influence of the intrinsic physical properties of the red cells on
the backscattering properties of blood is well described by
the backscattering cross-section  b of a spherical particle in
the range of classical imaging frequencies. The influence of

D. Summary of the basic assumptions of the model,
its strengths and limitations

In this study, blood is considered as a medium with
weakly varying acoustical properties, as the mismatch between the red blood cell impedance and the plasmatic impedance is only 11%. This allows one to use the Born approximation to relate the frequency-dependent backscattering
coefficient to the characteristics of the spatial distribution of
acoustical impedance. It was hypothesized that the red blood
TABLE III. First moments 共mean n c and standard deviation  c ) of the size
histogram as a function of the mass fractal dimension D for the models fitted
to the experimental data of Yuan and Shung 共Ref. 6兲.
Shear rate
共s⫺1兲

ndc
D⫽1


dc
D⫽1

ndc
D⫽2


dc
D⫽2

ndc
D⫽3


dc
D⫽3

2
10
22

5.6
3.8
1

40.9
7.2
1.6

22.1
8.8
1

79
8.8
1.6

98.3
23
1

143
impossible
1.6
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FIG. 7. A realization of the Neyman–Scott process for fitted parameters n c ,
 c and  , corresponding to experiments with blood flowing at a shear rate
of 10 s⫺1 and a hematocrit H⫽4.5%. The fractal dimension D is 2. The
simulation was generated in a cube with dimensions of 150 m.
Savéry and Cloutier: Backscattering from aggregating cells

FIG. 8. A realization of the Neyman–Scott process for fitted parameters n c ,
 c and  , corresponding to experiments with blood flowing at a shear rate
of 22 s⫺1 and a hematocrit H⫽4.5%. The fractal dimension D is 1. The
simulation was generated in a cube with dimensions of 150 m.

the red cell aggregation level is investigated by modeling the
spatial density N(x) of the red cell positions by the
Neyman–Scott point process. The complexity of modeling
N(x) in physiological conditions comes from two reasons.
First, the high density of the red cells 共about 5⫻106 mm⫺3兲,
representing a normal hematocrit around 45%, imposes important restrictions on the random positioning of the red cells
because of their nonoverlapping. Second, the reversible aggregation process favors the creation of groups of red cells
with varying morphologies. The NSP provides a statistical
description of the aggregates by characterizing their number
of cells and their spatial extent. The main advantage of the
NSP is the fact that it allows the analytical computation of
the Fourier spectrum of N(x), which directly gives the frequency dependent structure factor. It gives a parametric
model to the frequency dependence of backscatter experimental data, and provides meaningful morphological features
of the aggregates ( 兵 W,⌬ 其 or 兵 n c ,  c 其 when the fractal dimension D is known兲, that are more physically relevant for
blood characterization than the absolute value of the backscattering coefficient or the spectral slope.
However, the simplicity of the NSP has a drawback:
constraints imposed by the high hematocrit behavior are not
taken into consideration. Equation 共18兲 shows that the backscattering coefficient evolves linearly with the hematocrit
when the medium is described by the NSP. But it is known,
when the hematocrit is greater than a few percents, that the
ultrasonic backscatter of blood tends to decrease. For nonaggregating red blood cells (n c ⫽1 and  c ⫽0), the value of
the packing factor predicted by the NSP is 1, whereas in this
case W was shown12,24 to be hematocrit-dependent 关for
spherical hard scatterers, the three-dimensional Percus–
Yevick approximation yields W⬇(1⫺H) 4 /(1⫹2H) 2 ]. This
J. Acoust. Soc. Am., Vol. 110, No. 6, December 2001

nonlinear relation between the hematocrit and the backscattering coefficient cannot be predicted by the NSP. Moreover, the NSP generates clusters of points that allows cells
overlapping. When the medium is dense, this results in unrealistic realizations. Experimentally, the linear relationship
between the backscattering coefficient and the hematocrit
was shown valid25 up to H⬇5%. One can therefore consider
that the NSP is appropriate to model red cell aggregate configurations for a hematocrit under 5%.
Despite these limitations, these results could be clinically valuable in hematological laboratories to study the
erythrocyte aggregability for blood sample adjusted to a
fixed low hematocrit. In vitro scattering measurements with
diluted red cell suspensions can provide flow dependence of
兵 W,⌬ 其 , and would characterize the intrinsic properties of red
cells to aggregate. It may be of interest to note that optical
microscopic observations26 of red cell aggregates, already
used in research laboratories, are also performed at these low
hematocrits for adequate morphological measurements.
One fundamental interest of the Neyman–Scott model
was to distinguish intrinsic effects of the aggregation level
on the backscattering from the effect of hematocrit. NonRayleigh effects associated with the growth of the gyration
radius of the aggregates were related to the frequency dependence of the backscattering coefficient. However, to apply
inference techniques to blood characterization with more
physiological hematocrits 共around 45%兲 to predict physical
parameters describing the aggregation process, spatial stochastic processes that can both describe dense and aggregative media will have to be studied for modeling red cell
positioning. Unfortunately, more complex estimation techniques are required to characterize them because spectral
properties of such random processes may not be analytically
calculated.
V. CONCLUSION

Ultrasound backscattering properties of blood are dependent on the packing state of the red cells. It would be of
interest to use this dependence to quantitatively measure the
erythrocyte aggregation level by acoustical means. To reach
this goal, a clear understanding of the relation existing between the variables describing the aggregation state and the
backscatter data must be found. Most of the previous theoretical studies intended to clarify the hematocrit-dependence
of the backscattering, or concerned low frequency backscattering by non-Rayleigh red cell aggregates. However, the
influence of the aggregation level on the frequency dependence of the backscattering was not directly addressed
whereas experimental results showed that at a low shear rate,
aggregates of red cells cannot be considered as Rayleigh
scatterers even at low frequencies.
To extend scattering theory to aggregating red cell suspensions, the spatial pattern due to the clustering was modeled by a random process. Considering that the erythrocyte
positioning is the realization of a Neyman–Scott process,
and using the Born approximation, the structure factor of a
low hematocrit (H⬍5%) but aggregative suspension of red
blood cells was predicted analytically, as a function of the
size distribution of the aggregates and of their mass fractal
Savéry and Cloutier: Backscattering from aggregating cells
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dimension. This probabilist framework conveyed a parametric model to extract the average size of the clusters of red
cells and its polydispersity from backscatter data, assuming
that the mass fractal dimension is known. Experimental measurements on a 4.5% hematocrit porcine blood obtained by
Yuan and Shung6 were used to test the efficiency of the
model. The disaggregation of the groups of red cells and the
decrease of the polydispersity, both associated with an increase of the shear rate, could be determined by a regression
technique.
The NSP represents a first step to the random modeling
of the microstructural organization of red blood cells, that
helps to understand the frequency dependence of the backscattering properties of blood due to aggregation. It must be
emphasized that S(q), the structure factor, is a crucial quantity to determine for blood characterization. It reflects the
organization of the red cell network, equivalently to the pair
correlation function. The zero-frequency limit of the structure factor, the packing factor W, is useful to describe low
frequency scattering 共Rayleigh scattering兲. However, low
frequency measurements only give limited structural informations, as Bascom and Cobbold pointed out,10 because the
packing factor W does not uniquely define the pair correlation function as the structure factor does. A spatial random
model, as the NSP, allows us to characterize the spectral
variations of the structure factor of a low hematocrit suspension by a small number of variables. This kind of parametric
approach reveals particularly useful when considering the
experimental difficulties in reliably measuring backscattering
coefficients of materials.27 Substantial a priori knowledge of
the frequency dependence is expected to compensate for the
uncertainties of the measurements. The NSP highlighted two
factors as the structure factor W and the size factor ⌬, themselves related to meaningful geometrical properties of the red
cell aggregates. For high hematocrits and aggregative suspensions, an appropriate model still remains to be found, to
discriminate such significant factors and to use them as clinical indices of red cell aggregation.
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