Chapter 6
Modeling of Ultrasound Backscattering
by Aggregating Red Blood Cells

Emilie Franceschini and Guy Cloutier

Abstract This chapter provides a review of the last 15 years on the use of
quantitative ultrasound (QUS) techniques to characterize red blood cell (RBC)
aggregation (i.e., aggregate size, structure and packing organization). The paper
focuses on studies aimed at explaining factors affecting the frequency dependent
backscatter coefficient (BSC). The theoretical structure factor model of ultrasound
backscatter by aggregated RBCs is presented. Computer simulations based on this
model are then described to understand the impact of the RBC aggregate size and
packing organization on the frequency-dependent BSC. Two QUS cellular imag-
ing methods, based respectively on the structure factor size estimator and the
effective medium theory combined with the structure factor model, are compared
to estimate the structural aggregate parameters. Finally, in vitro and in vivo results
are presented with an optimization method to take into account the attenuation
effects of intervening tissues between the probe and the blood flow.

Keywords Cellular imaging - Blood - Red blood cell aggregation - Backscatter
coefficient - Structure factor - Effective medium theory - Tissue attenuation

E. Franceschini

Laboratoire de Mécanique et d’Acoustique LMA, CNRS, UPR 7051, Aix-Marseille
University, Marseille Cedex 20, Centrale Marseille F-13402, France

e-mail: franceschini @lma.cnrs-mrs.fr

G. Cloutier (I)

Laboratory of Biorheology and Medical Ultrasonics, University of Montreal Hospital
Research Centre (CRCHUM), 2099 Alexandre de Séve (Room Y-1619),

Montreal, Quebec H2L 2W5, Canada

e-mail: guy.cloutier@umontreal.ca

G. Cloutier
Department of Radiology, Radio-Oncology and Nuclear Medicine, and Institute of
Biomedical Engineering, University of Montreal, Montreal, Quebec, Canada

J. Mamou and M. L. Oelze (eds.), Quantitative Ultrasound 117
in Soft Tissues, DOI: 10.1007/978-94-007-6952-6_6,
© Springer Science+Business Media Dordrecht 2013



118 E. Franceschini and G. Cloutier

6.1 Introduction

Blood is a heterogeneous suspension of erythrocytes, leukocytes, and platelets in a
fluid plasma. The scattering of ultrasound by blood is mainly attributed to the
erythrocytes, also called red blood cells (RBCs), because they constitute the vast
majority (97 %) of the cellular content of blood and occupy a large volume
fraction (hematocrit) of 35-45 % under normal conditions. RBCs in normal blood
flowing through human vessels constitute reversible aggregates. Aggregates usu-
ally form rouleaux or complex three-dimensional structures. The mechanisms of
aggregate formation and dissociation are complex and depend on the shearing
conditions of the flow, the concentration of protein macromolecules in plasma
(such as fibrinogen) (Chien 1975; Meiselman 1993; Armstrong et al. 2004) and the
RBC aggregability (Rampling et al. 2004). The aggregation phenomenon is normal
and occurs in the circulation of many mammalian species. However, hyperag-
gregation, i.e. an abnormal increase in RBC aggregation, is a pathological state
associated with several circulatory diseases such as vascular thrombosis (Chabanel
et al. 1994), coronary artery disease (Neumann et al. 1991), diabete mellitus (Poggi
et al. 1994; Le Dévéhat et al. 1996), myocardial infarction and cerebrovascular
accidents (Hayakawa and Kuzuya 1991; Vaya et al. 2004). The fact that these
diseases and their complications generally occur in specific locations of the vas-
cular system suggest a pathological micro- and/or macro-circulatory hemodynamic
contribution to their etiologies.

Currently, indices of aggregation can be measured in vitro on samples obtained
by venipuncture using different techniques including viscosimetry, erythrocyte
sedimentation rate, electrical impedance and light scattering (Stoltz and Donner
1991). Contrary to these techniques needing a withdrawal of blood and the anal-
ysis in a laboratory instrument, the ultrasound backscattering method has the
potential to measure RBC aggregation under both in vivo and in situ flow con-
ditions. This imaging modality could significantly contribute to the hemorheology
field especially at high ultrasound frequencies, since it allows characterization of
RBC aggregation in space and in time, as demonstrated by its sensitivity to
measure aggregate formation kinetics (Cloutier et al. 2004, 2008) and its ability
to follow cyclic aggregation and disaggregation states under pulsatile flows
(De Kroon et al. 1991; Nguyen et al. 2008). The ultrasound backscattering method
would certainly stimulate prospective clinical studies aimed at elucidating the role
of RBC aggregation in the development of cardiovascular diseases and it can
also help to improve our basic understanding of the relationship between the
hemodynamic of the circulation and RBC aggregation.

Ultrasound and Scatterer Size Estimation

In the ultrasonic blood characterization field, the aim is to obtain quantitative
parameters that reflect the RBC aggregation state. One of this relevant quantitative
parameter is the aggregate size. It is thus interesting to quickly recall the main
quantitative ultrasound (QUS) techniques allowing to estimate scatterer size.
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For years, many investigators have attempted to estimate the tissue structure
properties (i.e. scatterer size and concentration) by analyzing the power spectra of
the radio frequency (RF) data. The access to RF data from laboratory instruments
and, increasingly, from clinical scanners allows application of a normalization
procedure (Madsen et al. 1984; Wang and Shung 1997) to obtain the backscat-
tering coefficient (BSC), defined as the power backscattered by a unit volume of
scatterers per unit incident intensity per unit solid angle. The spectral content of
the RF data (and therefore the BSC) contains information about the size, shape,
concentration and acoustic impedance of the scattering objects within the tissues.
A spectral analysis approach consists in estimating two spectral parameters:
the spectral slope and intercept (Lizzi et al. 1986, 1996). The spectral slope is the
linear slope of the BSC as a function of frequency on a log-log scale and
the spectral intercept is the extrapolation of the BSC linear fit to zero frequency.
The slope is related to the effective scatterer size, and the intercept is determined
by the scatterer size and acoustic concentration (the acoustic concentration is the
product of the scatterer concentration times the square of the relative impedance
difference between the scatterers and surrounding tissue). Another QUS method
used to extract effective scatterer size and acoustic concentration relies on theo-
retical scattering models (such as the spherical gaussian model) in order to fit the
BSC to an estimated BSC by an appropriate model (Insana et al. 1990). Both
spectral analysis and fitting approaches considered random structures, i.e. a low
density of scatterers (Lizzi et al. 1986; Insana et al. 1990). These QUS approaches
have been successfully used for the characterization of the eye (Feleppa et al.
1986), the prostate (Feleppa et al. 1997), apoptotic cells (Kolios et al. 2002), the
breast (Oelze and Zachary 2006) and cancerous lymph nodes (Mamou et al. 2010).
However, as will be discussed later (Sect. 6.2), it is not possible to apply these
QUS techniques on blood because it is an extremely dense medium (5 million
erythrocytes/mm?) that cannot be considered as random.

Challenges of Ultrasonic Blood Characterization
Besides the high cellular number density of blood, another difficulty for modeling
blood backscattering is to consider clustering particles such as RBC aggregates,
characterized by specific size, structure and packing organization. Indeed, the
structure and packing organization are also relevant QUS parameters for the blood
characterization since the structure differs between normal and pathological
human RBC aggregates. This was shown by Schmid-Schonbein et al. with
microscopic observations of blood samples from normal and diabetic patients
(Schmid-Schonbein et al. 1976, 1990) (see Fig. 6.1). The structures of RBC
aggregates have the tendency to form clumps (i.e. isotropic structures) in patho-
logical human blood such as in diabetes mellitus, whereas these structures are
rouleaux in normal blood (i.e. anisotropic structures).

The aim of the present chapter is to provide a review with an emphasis on the
last fifteen years or so on the use of the frequency dependent BSC to characterize
RBC aggregation (i.e. aggregate size, structure and packing organization). Before
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that, the mean backscattered power or the mean BSC was more generally studied,
and the reader can refer to the article of Cloutier and Qin (1997) to have a review
on the use of the backscattered power to characterize aggregating RBCs.
Section 6.2 presents the structure factor model (Savery and Cloutier 2001; Fon-
taine et al. 2002) used for modeling aggregated RBCs. In Sect. 6.3, computer
simulations of ultrasound backscattering by blood are described based on the
structure factor model established in Sect. 6.2. The use of computer simulations
allowed to provide information on the impact of the RBC aggregate size and
packing organization on the frequency dependent BSC, information that cannot
easily be obtained experimentally. In Sect. 6.4, two theoretical backscattering
models for the estimation of the structural aggregate parameters are described and
their performance are compared based on the computer simulations addressed in
Sect. 6.3. Finally, in vitro and in vivo results are presented in Sect. 6.5.

6.2 Backscattering Theory

To model ultrasound backscattering by blood, some simplifying assumptions (but
nevertheless acoustically realistic) are necessary. First, it is assumed that shear
wave propagation and wave mode conversion are neglected such that only
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compressional waves are taken into account. Secondly, attenuation of the back-
scattered ultrasound blood echoes due to viscous losses is also ignored. As a
consequence, the RBCs and plasma are acoustically described as fluid and non-
viscous media. Moreover, contrary to the majority of soft tissues, backscattering
by blood is also time dependent because of the flow conditions. Nevertheless, one
can consider that blood movement is much slower that sound propagation (around
1,540 m/s in blood) such that the insonified blood is quasi-stationary (Mo and
Cobbold 1993).

Under the above conditions, two major difficulties for modeling blood back-
scatter are the high volume concentration of RBCs (i.e. hematocrit) and the
clustering of particles. In this section, we indicate how these difficulties have been
achieved by presenting successively the ultrasound backscattering from a single
RBC, a collection of disaggregated RBCs and aggregated RBCs.

6.2.1 Backscattering Cross Section by a Single RBC Under
Rayleigh Condition

Before modeling the ultrasound backscattering by an ensemble of interacting
RBCs, it is instructive to model backscattering by a single RBC. A parameter
characterizing the ultrasonic signal backscattered by a single scatterer is the dif-
ferential backscattering cross section per unit volume o¢,, which is the power
backscattered by one particle per unit incident intensity per unit solid angle (Mo
and Cobbold 1993).

The hemoglobin solution encapsulated by the RBC membrane is acoustically
described as a fluid and non-viscous medium, characterized by a compressibility
k1 =3.41 x 1071°Pa~! and a density p; = 1.092 g/ml (or equivalently an
impedance z; = 1.766 MRayl and a sound speed ¢; = 1,617 m/s) (Shung 1982;
Savery and Cloutier 2007). The effect of the RBC membrane on acoustical
backscattering is neglected because of the small membrane thickness of around
10 nm. The plasma is acoustically described as a fluid and non-viscous medium,
characterized by a compressibility x, = 4.09 x 107'°Pa~! and a density p, =
1.021 g/ml (or equivalently an impedance z; = 1.580 MRayl and a sound speed
¢y = 1,547 m/s) (Shung 1982; Savery and Cloutier 2007). The RBC is thus con-
sidered as a weak scattering medium with a relative contrast of acoustical
impedance between the RBC and the plasma equals to 7, = (z; — 22)/z2 = 0.13.

Typical human RBCs are flexible biconcave disks having a diameter of
approximately 8 pum and a thickness of 2.2 pm. In most clinical experiments, the
ultrasound frequency is in the range of 5-30 MHz, i.e. a wavelength in the range
of 50-300 pum. Since the incident wavelength is larger than the size of a RBC,
scattering follows the Rayleigh theory. This theory predicts that the backscattering
cross-section is proportional to the fourth power of the incident wave frequency
and to the square of the scatterer volume, a behavior that does not depend on the
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shape of the scatterer (Coussios 2002). Under the Rayleigh scattering theory, the
backscattering cross-section o3, of a single weak scattering RBC is given by (Mo
and Cobbold 1993):

k*v? 2
ab(_zk) = @ (y;c - yp) ) (61)

where k is the wavenumber, V; the RBC volume, y, the relative contrast in
compressibility 7, = (k] —k2)/k; and 7y, the relative contrast in density
7, = (p1 — p2)/p,- Note that the dependence of g, in (—2k) indicates the back-
scattering configuration where the wave vector is the opposite of the incident wave
vector K.

In the case of weak scattering, when 7, and y, are very small, the difference

between y,. and y, approximates to (y,c — p) ~ —2y,. Therefore Eq. 6.1 reduces to:

K2 o
2.

A (6.2)

g b(—2k) =
The RBCs are often modeled as scatterers of simple shape such as spheres of
equivalent volume. The typical volume of a RBC being 94 um?®, one RBC can be
approximated by a sphere of radius a = 2.82 um. In order to take into account a
spherical shape, a spherical form factor F' can be added in the expression of g}, as
follows (Insana and Brown 1993; Savery and Cloutier 2007):

2
KV K'Viy? [ sin(2ka) —2 2
oy(—2k) = Vs _KVey: (3 sin(2ka) — 2kacos( ka)) . (63)

2
F(k
e T = (2ka)’

Savery and Cloutier (2007) compared a semi-analytical model of the backscat-
tering cross section of a realistic biconcave RBC with analytical models of simple
shapes (sphere, cylinder, ellipsoid) mimicking a RBC (see Figs. 6.2 and 6.3). This
study shows that for frequencies below 21 MHz (i.e. ka < 0.21), a RBC can be
considered as a sphere of equivalent volume as given in Eq. (6.3). Beyond that
limit, the shape and orientation of a RBC could modify the behavior of the
backscattering cross-section. However, in practice, when a collection of RBCs
randomly oriented is studied, the behavior of the mean backscattering cross section
should depend on a mean form factor of the collection of RBCs randomly oriented,
such that the limit frequency for the expression of ¢, using the spherical form
factor should be above 21 MHz. That is why a collection of non-aggregating RBCs
at hematocrits between 6 and 30 % shows experimentally a fourth power fre-
quency-dependence of backscatter up to 30 MHz (Wang and Shung 1997).



6 Modeling of Ultrasound Backscattering by Aggregating Red Blood Cells 123

Fig. 6.2 Geometric cross sections of a red blood cell and equivalent descriptive shapes (Figure
modified from Savery and Cloutier 2007)
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Fig. 6.3 Normalized backscattering cross section with respect to 4ma® as a function of the
frequency ka for different descriptive shapes and incident wave directions along Oz (k = k.) and
Ox (k = k,) (Figure from Savery and Cloutier 2007)

6.2.2 Backscattering by Disaggregated RBCs:
The Particle Model

The ability of a tissue to generate acoustical echoes is often quantified by the
frequency-dependent BSC. In this subsection, we consider a simple case of non-
aggregating cells.

For a dilute, random suspension where the volume concentration of particles is
typically less than a few percents, each particle equally and individually con-
tributes to the backscattered power. It means that each particle scatters the incident
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waves unaffected by the presence of the other particles. The BSC is thus pro-
portional to the average number of scatterers per unit volume n (also called the
scatterer density related to the hematocrit ¢ as n = ¢/V;) as follows:

BSC(—2k) = nay(—2k) (6.4)

where g, is the backscattering cross section of a single scatterer obtained from
Eq. (6.3). However, for human blood at a normal hematocrit (= 40 %), even in the
absence of aggregation, the RBCs are densely packed. It means that the positions
of any pair of scatterers are neither uncorrelated nor perfectly correlated in space
and time, such that the RBCs cannot be treated as independent scatterers. In the
absence of aggregation, a few stochastic scattering models (Angelsen 1980; Mo
and Cobbold 1986, 1992; Twersky 1987; Fontaine et al. 1999), described next,
were proposed to better understand the ultrasound backscattered power properties.

Two classical approaches are known as the particle and continuum models. The
particle model (PM) consists of summing contributions from individual RBCs and
modeling the RBC interaction by an analytical packing factor expression (Mo and
Cobbold 1986; Twersky 1987). The continuum model (CM) considers that scat-
tering arises from spatial fluctuations in the density and compressibility of the
blood continuum (Angelsen 1980). A hybrid model generalizing the PM and CM
frameworks was later proposed by Mo and Cobbold (1992). The RBCs are treated
as a single scattering unit within a voxel, which size is defined as a fraction of the
acoustic wavelength. The contribution from each single scattering unit is then
determined as in the PM, and the contribution from all voxels is then summed by
considering the influence of the mean number of scatterers per voxel and its
variation in numbers between voxels. A complete description of these models can
be found in a review by Mo and Cobbold (1993). Herein we only present in details
the PM, which was used as a framework in Fontaine et al. (1999).

The classical approach known as the PM consists of summing contributions
from individual RBCs, all considered much smaller than the acoustic wavelength,
and modeling the RBC interaction by a packing factor W (Mo and Cobbold 1986;
Twersky 1987). Based on this approach, the BSC is given by:

BSCpy(—2k) = nop(—2k)W. (6.5)

The packing factor W can be expressed in terms of the statistical pair-correlation
function g(r), which is the probability of finding two particles separated by a
distance r:

W=1+ n/(g(r) — 1)dr. (6.6)

An example of a pair-correlation function g is shown in Fig. 6.4. The function g is
zero at short separations (r < 2a), since the particles are impenetrable. Then g
oscillates around the value of 1 with several peaks in the range of r > 2a, with a
maximum at r = 2a. The occurrence of these peaks at a large range (r > 2a)
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Fig. 6.4 Example of a pair-
correlation function g 3
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indicates a high degree of ordering. As the distance r increases, the oscillation of
the peaks becomes weak and g tends to a value of 1. Physically, the packing factor
W is a measure of orderliness in the spatial arrangement of RBCs. At very low
hematocrits, when the RBC positions are completely random, (g(r) — 1) is equal
to 0 and W is equal to unity such that the BSC is simply the sum of the back-
scattering cross section g, from all RBCs. As the hematocrit increases, W decays
gradually to zero since closer packing will invariably lead to a greater orderliness
in the RBC spatial arrangement. The most often used packing factor expression is
based on the Percus-Yevick pair-correlation function for identical, unpenetrable
and radially symmetric particles in the m-dimensional (slabs, circles and spheres
for m = 1,2 and 3, respectively) (Twersky 1987). The Perkus-Yevick packing
factor Wpy is dependent on the hematocrit but independent on the frequency. Its
value for spheres (m = 3) was first applied to blood by Shung (1982) and is given
by Twersky (1987):

T 20 |

Several studies compared the theoretical BSCpy, as a function of the hematocrit
with experimental observations (Shung 1982; Lucas and Twersky 1987; Yuan and
Shung 1988; Berger et al. 1991). For porcine RBCs suspended in a saline sus-
pension that do not exhibit aggregation (i.e. aggregation does not occur in saline),
the PM succeeded to explain the nonlinear relationship between the backscatter
amplitude and hematocrit, as shown in Fig. 6.5 (Yuan and Shung 1988). The
ultrasonic backscatter versus the hematocrit curve peaks around 13 % as it was
expected by the PM using the Perkus-Yevick packing factor given by Eq. 6.7.
Comparisons were also conducted on aggregating blood from different species
(Yuan and Shung 1988). It is worth noting that the RBC aggregation tendency
varies among species (Zijlstra and Mook 1962; Weng et al. 1996a). For example,
horse blood has an excessive tendency to aggregate; porcine, dog and normal
human bloods have a moderate tendency; and bovine blood forms no aggregate.
For bovine whole blood, Yuan and Shung (1988) found that experimental and
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Fig. 6.5 The ultrasonic
backscatter from porcine
RBC suspensions as a
function of the hematocrit.
Solid line represents
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theoretical curves of BSC as a function of hematocrit were qualitatively in good
agreement, since the tendency of aggregation is minimal for this blood species.
However, to date, no data obtained under RBC aggregation conditions were fitted
to the PM.

6.2.3 Backscattering by Aggregated RBCs: The Structure
Factor Model

A major difficulty for modeling blood backscattering is to consider clustering
particles as RBC aggregates. The aforementioned approach failed to predict the
magnitude and frequency dependence of backscatter echoes observed in in vitro
experiments when considering aggregating RBCs (Yuan and Shung 1988). Indeed,
it was experimentally demonstrated that the aggregated RBCs did not follow a
fourth-order frequency dependence contrary to the disaggregated case (Yuan and
Shung 1988; Savery and Cloutier 2001). That is why Savery and Cloutier (2001)
proposed the Structure Factor Model (SFM) to predict backscattering by aggre-
gating RBCs, by considering first a low hematocrit. This model was later gen-
eralized to a normal hematocrit of 40 % (Fontaine et al. 2002). The SEM sums the
contributions from individual RBCs and models the RBC interaction by a statis-
tical mechanics structure factor S as follows (Savery and Cloutier 2001; Fontaine
et al. 2002):

BSCspy(—2k) = nop(—2k)S(—2k) = gob(—ﬂc)S(—Zk). (6.8)
The aggregation phenomenon is only affecting the structure factor S since RBC
properties (i.e. o, and Vy) and the systemic hematocrit ¢ are expected to remain
constant in the modeled region of interest. The structure factor S is by definition
linked to the three-dimensional (3D) Fourier transform of the total correlation
function (g(r) — 1):
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S(—2k) =1+n / (g(r) — 1)e Z*rqr. (6.9)

It can be easily seen by considering the particular case, of an incident plane wave
in the x direction of a Cartesian coordinate system (x, y, z) that Eq. (6.9) becomes:

S(—2k) =1 +n/(g(x,y,z) — e ¥dxdydz. (6.10)

In Eq. (6.10), the structure factor is linked to the standard Fourier transform of the
projection, on the ultrasound propagation axis, of the total correlation function.
The Fourier transform of the projection is, by the Fourier projection-slice theorem,
a line of the 3D Fourier transform of the total correlation function (see appendix of
Fontaine et al. 1999). That is why the structure factor S depends only on the
modulus k of the wave vector k. Note that the low frequency limit of S is by
definition the packing factor W used under Rayleigh conditions. For non-aggre-
gated RBCs under Rayleigh conditions, Eq. (6.8) therefore directly reduces to
Eq. (6.5). It is important to emphasize that the structure factor cannot analytically
be calculated contrary to the packing factor (Twersky 1987).

The SFM was largely used to perform simulation studies on RBC aggregation
as described in the next Sect. 6.3.

6.3 Computer Simulations of Ultrasound Backscattering
by Aggregated RBCs

Computer simulation studies have been proposed to better understand mechanisms
of ultrasound backscattering by various RBC distributions. First, the backscatter
by non-aggregated RBCs as a function of the hematocrit was studied using one-
dimensional (1D) and two-dimensional (2D) computer simulations (Routh et al.
1987; Zhang et al. 1994). In these studies, the RBCs are represented by slabs or
circles, respectively in 1D or 2D, randomly positioned one by one. Following these
studies, Lim and Cobbold (1999) performed 3D computer simulations for non-
aggregated RBCs (represented by spheres) and 2D computer simulations for
aggregated RBCs. In 3D, the backscattered power of non-aggregated RBCs peaked
at around 12 % hematocrit, which corresponds to the PM theoretical prediction
and experimental results (Yuan and Shung 1988). In 2D, the mean backscattered
power by aggregated RBCs for frequencies below 5 MHz was computed to study
the effects of the aggregate size, aggregate compactness and size distribution as a
function of the hematocrit. Hunt et al. (1995) performed 1D and 2D computer
simulations to study the differences in the backscattered power for several spatial
distributions of the scattering sources. These simulations predicted that there
would be a large reduction of the backscatter amplitudes if the scattering sources
were regularly spaced and that backscatter amplitudes are very sensitive to the
degrees of randomness (i.e. random or pseudo-random spatial distribution).



128 E. Franceschini and G. Cloutier

Later, our group performed computer simulations to predict the frequency
dependence of the BSC from aggregated RBCs based on the SFM (Teh and
Cloutier 2000; Savery and Cloutier 2001, 2005; Fontaine et al. 2002; Fontaine and
Cloutier 2003; Saha and Cloutier 2008; Saha et al. 2011; Franceschini et al.2011),
contrary to the works previously mentioned which have studied the mean BSC
over the studied frequency bandwidth or the integrated backscatter. Our aim was to
demonstrate that the use of the BSC frequency dependence would be more
powerful than the indices generally used. Most of these simulations were based on
particle dynamics or statistical mechanics to obtain the RBC spatial distributions
(Savery and Cloutier 2001, 2005; Fontaine et al. 2002; Fontaine and Cloutier 2003;
Saha and Cloutier 2008) and had the objective to mimic the rheological behavior
of blood. The RBC distributions obtained showed aggregates with various sizes,
shapes and compactness. Most of those studies were restricted to two dimensions
(Savery and Cloutier 2001, 2005; Fontaine et al. 2002; Fontaine and Cloutier
2003) because of the computational load to generate aggregating RBC distribu-
tions. Besides techniques based on particle dynamics or statistical dynamics,
another simple and fast method was to randomly generate non-overlapping and
identical shaped aggregates (Teh and Cloutier 2000; Saha et al. 2011; Franceschini
et al. 2011), as performed previously by Lim and Cobbold (1999). Although this
method did not take into consideration realistic interactions between RBCs, it
allowed to isolate the effects of hematocrit, aggregate size, shape and/or size
distribution on the ultrasound backscattering. In this section, the BSC computation
using the SFM is explained and a recent computer simulation that isolates the
effects of aggregate size and compactness is presented.

6.3.1 BSC Computation Using the Structure Factor Model

The computation of the BSCsgy using the SFM requires the knowledge of the
structure factor S as described in Eq. (6.8). Since the structure factor S is by
definition a statistical quantity, an average of all structure factors obtained from
several particle distributions can give an estimated value of S.

For each distribution of RBCs, a density matrix M is computed by dividing the
square simulation plane L? in N,% pixels for a 2D computer simulation (or L? in Ns
pixels for a 3D simulation) and by counting the number of RBCs falling into each
pixel. This matrix represents the microscopic density function defined by

N

M(r) =Y d(r—r) (6.11)

i=1

where r; are the position vectors defining the center of the ith RBC in space, N the
number of RBCs in blood and ¢ the Dirac distribution. An equivalent expression of
Eq. (6.9) for the structure factor S can be given in terms of the microscopic density
distribution M as follows:
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S(—2k) = E

%. / M(r)e % qr 2] (6.12)

where E is the ensemble average. The structure factor is thus computed by
averaging 2D Fourier transforms for 2D computer simulations (or 3D Fourier
transforms for 3D simulations) of several density matrices for averaging purpose.
The FFTs give the structure factor values S(—2k) on a centered grid of wave-
vectors between £nN, /2L with a step of Ak = /L.

6.3.2 Effects of the Aggregate Size and Compactness
on the BSC Frequency Dependence

Computer simulations in 2D were recently performed by Franceschini et al. (2011)
to isolate, for the first time, the effect of aggregate compactness ¢; (i.e. the RBC
concentration within aggregates) on the BSC frequency dependence. The simu-
lation algorithm was suitable for generating non-overlapping and isotropic RBC
clusters. The locations of the RBCs inside each aggregate were generated ran-
domly to give the desired compactness of aggregates such that the distribution of
RBCs within each aggregate was different.

6.3.2.1 Effect of the Aggregate Compactness on the BSC

A key feature of these simulations was the possibility to have various compact-
nesses of aggregates ¢; with the same size of aggregates r,,. Figure 6.6a and b
illustrates spatial arrangements of RBCs for a constant value of r,,/a = 6.32 (i.e.
rag = 17.39 pm), a constant systemic hematocrit ¢ = 20 % and two compactnesses
of aggregates of 40 and 60 %. The corresponding backscattering coefficients
BSCspy were computed with the SFM between 4 and 100 MHz for different
aggregate compactnesses of 40, 50 and 60 % at a systemic hematocrit of 20 % (see
Fig. 6.6c). As the compactness of aggregates ¢; increases, the BSCsgy amplitude
increases at low frequencies (< 23 MHz). The first peaks of the BSCspy are
between 18.0 and 20.6 MHz for all simulated conditions.

6.3.2.2 Effect of the Aggregate Size on the BSC

Figure 6.7 shows BSCspy, as a function of frequency for the disaggregated case
(rag/a = 1) and for aggregated conditions with radii r,,/a = 3.16,5.0 and 7.07, at
different hematocrits. In these simulations, the compactness of aggregates had a
constant value of ¢; = 60%. For frequencies less than 20 MHz, the BSCsry
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Fig. 6.6 a and b RBC distributions used in 2D computer simulations for a constant aggregated
radius r,, = 6.32a = 17.32 im and a constant systemic hematocrit ¢ = 20 % at two aggregate
compactnesses: a ¢; =40 % and b ¢; = 60 %. ¢ Dependence of the backscattering coefficients
on the compactness of aggregates: rq/a =6.32 and ¢ =20 % (Figure modified from
Franceschini et al. 2011)
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Fig. 6.7 Dependence of the backscattering coefficients for different aggregate sizes and a
constant aggregate compactness ¢; = 60 % at systemic hematocrits of 10, 20 and 30 % (Figure
modified from Franceschini et al. 2011)

amplitude increases with the size of aggregates. Moreover, the BSCsry peaks
occur at lower frequencies as the aggregate radius increases.

To summarize, this study had provided some insights into the influence of the
aggregate size and compactness on the BSC frequency dependence (Franceschini
et al. 2011). The aggregate compactness as well as the aggregate size can greatly
influence the BSC amplitude. The frequency position of the BSC first peak was
found not to be significantly affected by changes in the aggregate compactness,
whereas it was greatly affected by changes in the aggregate size. Note that other
computer simulations putting emphasis on the influence of the aggregate shape
(i.e. anisotropy) and of the aggregate size distribution on ultrasound backscattering
can be found in the literature (Lim and Cobbold 1999; Fontaine et al. 2002; Savery
and Cloutier 2005).



6 Modeling of Ultrasound Backscattering by Aggregating Red Blood Cells 131

6.4 Ultrasound Backscattering Modeling
for the Estimation of Structural Aggregate Parameters

As seen previously in Sects. 6.2.3 and 6.3, the SFM allows to simulate the BSC
from RBCs whatever the RBC spatial distribution (i.e. disaggregated or aggregates
with isotropic or anisotropic shape and/or with various aggregate sizes, shapes and
compactnesses). However, the SFM can hardly be implemented to estimate
structural parameters in the framework of an inverse problem formulation because
of the intensive computational time to assess the structure factor by realizing
distributions of RBCs with simulations. That is why two scattering theories, named
the Structure Factor Size Estimator (SFSE) and the Effective Medium Theory
combined with the Structure Factor Model (EMTSFM), have been recently
developed in order to approximate the SFM for practical assessments of RBC
structural features (i.e., in an inverse problem formulation). Both theories are
based on some simplifying assumptions regarding the RBC spatial distributions:

e First, isotropic aggregates are assumed. In human blood, low shear rates can
promote the formation of RBC aggregates having anisotropic (i.e. rouleaux) or
isotropic (i.e. clump) structures, as seen in Fig. 6.1. The rouleaux like pattern is
typically associated to normal blood. However, as the binding energy between
RBCs increases with inflammation (Weng et al. 1996b), aggregates form clump
structures such as in diabetes mellitus (Schmid-Schonbein et al. 1976, 1990).
The assumption of isotropic aggregates is thus valid as far as we are concerned
with the study of pathological states.

e Second, a minimal polydispersity in terms of aggregate sizes is assumed. Under
in vivo conditions with ultrasound measurements on a blood vessel, the shear
rate distribution varies with the radial position, and consequently, the aggregate
size distribution too. That is why the backscattered echoes from blood are
generally analyzed over a rectangular or a hamming window which is moved
along the RF signal to examine the whole vessel at different depths (Yu and
Cloutier 2007; Yu et al. 2009). For example, at a central frequency of 25 MHz,
the window length was typically around 400 pm (Yu et al. 2009). RBC
aggregates may thus be assumed to be locally identical, but variations can be
considered within an ultrasound image by moving the measurement window.

6.4.1 Structure Factor Size Estimator

Yu and Cloutier (2007) and Yu et al. (2009) developed the SFSE scattering theory,
which consists of using a second-order Taylor expansion of the structure factor as
follows:
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S(—2k) ~ Cy — 2kCy + (—2k)*C;
- 272
~ W —4R,k (6.13)
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where Cy, C;, and C, are simply the series coefficients. We have shown earlier that
Cy is the low frequency limit of the structure factor, named the packing factor W
(see Eq. 6.6), here for aggregated RBCs. By considering isotropic aggregates, the
second constant C; is equal to zero because the blood remains the same if the
blood sample is turned around 180° (i.e. S(—2k) = S(2k)). By a dimensional
analysis, the third constant C; is a surface in m? and is assumed to be the square of
the mean aggregate gyration radius R2, as usually performed in the field of crys-
tallography using x-ray scattering (Guinier and Fournet 1955; Yu and Cloutier
2007). The diameter of an homogeneous spherical object in terms of number of
RBCs can also be related to its radius of gyration as D = \/%Rg /a (Guinier and
Fournet 1955; Yu and Cloutier 2007).

To summarize, the SFSE parameterizes the BSC by two structure indices, the
packing factor W and the mean aggregate diameter D assumed to be isotropic, as
follows:

BSCspsp(—2k) = noy(—2k) (W - 15—2 (kaD)z)

2
KVEy2 [ si —
_ g 47;2)/4 3 sin(2ka) 2kc;cos(2ka) <W 12 (kaD)z).
s (Zka) 5

(6.14)

Assuming that the hematocrit ¢, the RBC radius of the equivalent sphere a and the
impedance contrast y, are known a priori, the parameters W and D are estimated
by fitting the measured BSC versus frequency with the theoretical BSCspsg given
in Eq. (6.14).

6.4.2 Effective Medium Theory Combined with the Structure
Factor Model

A new scattering theory, named an Effective Medium Theory (EMT) combined
with the SFM (EMTSFM), was recently proposed by Franceschini et al. (2011).
The EMT was initially developed by Kuster and Toksoz (1974) in the field of
geophysics. Herein, the EMT assumes that aggregates of RBCs can be treated as
individual homogeneous scatterers, which have effective properties determined by
the concentration of RBCs within aggregates (i.e. the compactness of aggregates
¢;) and acoustical properties of blood constituents. The approximation of RBC
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Fig. 6.8 Schematic representation of aggregates treated as individual scatterers. The aggregates
of RBCs in blood (left side) are assumed to be homogeneous particles (right side) with effective
properties that depend on the internal hematocrit, and density and compressibility of the RBCs
within them (Figure from Franceschini et al. 2011)

aggregates as homogeneous effective particles is combined with the SFM to
consider the concentrated blood medium. The effective particle interactions were
thus modeled by a structure factor, as in Savery and Cloutier (2001) and Fontaine
et al. (2002). The EMTSEM parameterizes the BSC by three indices: the aggregate
radius, the concentration of RBCs within aggregates (also named aggregate
compactness) and the systemic hematocrit. In the field of clinical hemorheology,
assessing the compactness of RBC aggregates is of high clinical importance since
it is related to the binding energy between cells. Normal RBC aggregates form
rouleaux type structures, whereas pathologies associated with stronger binding
energies result in clumps of RBCs (close to a spherical isotropic packing). A
complete description of the EMTSFM is described below.

As a first approximation, we assume that all the RBCs are aggregated in blood,
that the aggregates are identical and isotropic and that the RBCs within the
aggregates are evenly distributed. The EMTSFM assumes that aggregates of RBCs
can be treated as individual homogeneous scatterers as shown in Fig. 6.8. Each
aggregate is thus approximated by an effective single particle. The density p,, and
compressibility x,e of the new effective particle are determined by considering the
EMT (Kuster and Toksoz 1974). It means that Pag and k., are derived from the
acoustical properties of the two fluids that constitute the aggregates (i.e. py, p,, K1
and k,, where 1 indicates properties of RBCs and 2 those of plasma) and from the
internal concentration of RBCs within the aggregates ¢;, as follows:

pag = ¢ip1 + (1 - ¢i)p2
L_t, 16 (6.15)

Kag K1 K2

The BSC from blood is then obtained by summing contributions from individual
effective particles of radius r,, and modeling the effective particle interaction by a
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statistical mechanics structure factor S,,. The equivalent BSC expression is thus
given by:

BSCEMTSFM(—ZIC) = nagaag(—2k)Sag(—2k), (616)

where ng, is the number density of aggregates that is related to the effective
volume fraction of aggregates ¢,,. The effective volume fraction of aggregates is
equal to the volume fraction of RBCs in blood ¢ divided by the aggregate com-
pactness ¢;: ¢,, = ¢/¢;. The backscattering cross-section c,, of an effective
single sphere can be determined using the fluid-filled sphere model developed by
Anderson (1950). That model provides an exact solution for the backscattering of
sound by a single fluid sphere, not necessarily small compared to the wavelength,
in a surrounding fluid medium (i.e. the plasma). The structure factor S,, corre-
sponds here to a collection of N, identical and disaggregated particles (mimicking
RBC aggregates) of radius r,, randomly distributed.

By assuming that the RBC radius @ and the acoustical properties of plasma and
RBC:s are known a priori, the unknown parameters are the aggregate radius r,, and
aggregate compactness ¢;. The unknown parameters can be estimated by matching
the measured BSC with the theoretical BSCgyrspy given by Eq. (6.16).

6.4.3 Assessment of the Accuracy of Scattering Models
in Determining the RBC Aggregate Size and Aggregate
Compactness

To our knowledge, there is no means to experimentally assess aggregate sizes at
40 % hematocrit because RBCs at that hematocrit are opaque to light. The
experimental assessment of accuracy of the SFSE was only performed at a low
hematocrit of 6 % by comparing optical and acoustic measurements of RBC
aggregate sizes (Yu and Cloutier 2007). That is why 3D computer simulations
producing BSCs from RBC aggregates were recently performed to evaluate the
accuracy of the SFSE method (Saha et al. 2011). In this subsection, we determine
the performance of the EMTSFM to extract RBC aggregate sizes and compact-
nesses from simulated BSCspy and compare that with SFSE predictions. This
comparison is based on 2D computer simulations using the SFM previously pre-
sented in Sect. 6.3. In the following, all the estimated parameters are denoted by a
star.

The SFSE and EMTSFM are first examined when the aggregate size is fixed
rqe/a = 6.32 and aggregate compactnesses ¢, vary from 40 to 60 %. Figure 6.9a
presents the BSC fitted curves with the SFSE and the EMTSFM to the simulated
BSCspy already presented in Fig. 6.6. The fitted curves using the SFSE overes-
timate the BSCspy amplitude at low frequencies, whereas the EMTSFM provides
good fittings to the simulated BSCsrys. The values of the estimated parameters W*
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Fig. 6.9 a Frequency-dependent backscatter coefficients computed with the SFM for different
aggregate compactnesses and a constant aggregate size r,,/a = 6.32 at a systemic hematocrit of
20 %, and corresponding fitting with the SFSE (in dashed lines) and with the EMTSEM (in solid
lines). b Linear relationship between estimated parameters W* and R, obtained with the SFSE

and R; obtained with the SFSE and estimated parameters r;,/a and ¢; obtained
with the EMTSFM are reported in Table 6.1 for a systemic hematocrit of 20 %.
Although the true radius is fixed, the estimated R, increases with the aggregate
compactness. A linear relation links also the estimated parameters W* and R;
when the aggregate compactness varies (see Fig. 6.9b), as it was previously
observed in Yu and Cloutier (2007) and Saha et al. (2011). Therefore there is no
significant correlation between the actual fixed radius and the estimated radii. The
SESE cannot take into account a variation in aggregate compactnesses since a
change in compacity is interpreted as a change in the aggregate size. On the other
hand, the EMTSFM gives quantitatively satisfactory estimates with relative errors
inferior to 8 % for the estimated aggregate size and inferior to 19 % for the
estimated compactness.

The SFSE and EMTSFM are also evaluated when the aggregate size varies and
the aggregate compactness is fixed to a high value: ¢; = 60 %. Figure 6.10a
presents the BSC fitted curves with the SFSE and the EMTSFM to the simulated
BSCspy at a hematocrit of 30 %. The EMTSFM fits very well the simulated
BSCgpyy, whereas the fitted SFSE curves over-estimate the simulated BSCgpy, in
the low frequency range. For the SFSE, significant correlations between the
estimated and true radii of aggregates with a correlation coefficient > around 0.95
were found for all hematocrits (Fig. 6.10b). The EMTSFM gives quantitatively
satisfactory estimates with relative errors inferior to 7 and 14 %, respectively, for
the aggregate size and the aggregate compactness, whereas the relative errors for
the estimated radii with the SFSE model are comprised between 24 and 62 % (see
Table 6.2).

To conclude, although the SFSE did not provide good fits to the simulated data,
significant correlations between the estimated and true radii of aggregates with r?
around 0.95 were found when the aggregate compactness was fixed. However, the
SFSE showed no significant correlation between the actual fixed radius and those
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Table 6.1 Comparison of the SFSE and EMTSFM based on simulated BSCs for the following
aggregating conditions: re/a = 6.32, ¢ = 20 %, ¢; varies

SFM SFSE EMTSFM

Actual Actual ¢; Estimated Estimated SR;% Estimated ¢; &g Estimated &
Tag/a (%) w R; (%) (%) Tag/a (%)
6.32 40 6.49 3.92 37.86 44.56 11.40 5.8 8.23
6.32 50 12.51 6.12 3.01 59.5 19.00 5.9 6.65
6.32 60 17.74 7.49 18.60 67.71 12.85 5.8 8.23

Values of the aggregate size r,,/a and compactness ¢; used for computation of the simulated
BSCgpy from the SFM, and values of parameters found with the SFSE and EMTSFM and
corresponding relative errors &
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Fig. 6.10 a Frequency-dependent backscatter coefficients computed with the SFM for different
aggregate sizes and a constant aggregate compactness ¢; = 60 % at a systemic hematocrit of
30 %, and corresponding fitting with the SFSE (in dashed lines) and with the EMTSEM (in solid
lines). b Comparison of the estimated aggregate size R, obtained with the SFSE to the true size
Tqg/a for the three systemic hematocrits of 10, 20 and 30 %. ¢ Linear relationship between W*
and R;

estimated when the aggregate compactness varied (see Table 6.1), and the SFSE
parameters W* and R, followed a linear relationship. It means that the BSC
parameterization is reduced to one parameter physically linked to the aggregate
size. On the other hand, the EMTSFM was the model that better matched the
simulated data and gave quantitatively satisfactory estimates when the aggregate
radius and compactness varied. At the moment, the SFSE is largely used because
of a fast computation around 0.1 s to estimate parameters from a single BSC,
against 1 s with the EMTSFM using Matlab programs (The MathWorks, Inc.,
Natick, MA). Also, the SFSE was developed to consider tissue attenuation for
in vivo applications (Franceschini et al. 2008, 2010), whereas it is still not the case
for the EMTSFM.
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Table 6.2 Comparison of the SFSE and EMTSFM based on simulated BSCs for the following
aggregating conditions: r,g/a varies, ¢ = 30%, ¢; = 60 % (except in the case of diaggregated
RBCs where ¢; = 100 %)

SFM SFSE EMTSFM

Actual Actual ¢; Estimated Estimated &R Estimated ¢; &g Estimated &,
Tag/a (%) w* R; %) (%) (%) Tigla (%)
1 100 0.17 0.38 62.00 100 0.00 1.0 0.00
3.16 60 2.67 1.32 58.23 66 10.00 3.0 5.06
5 60 5.31 3.04 39.20 68 13.33 4.7 6.00
7.07 60 8.58 5.33 24.61 66 10.00 6.6 6.65

Values of the aggregate size r,,/a and compactness ¢; used for computation of the simulated
BSCgpy from the SFM, and values of parameters found with the SFSE and EMTSFM and
corresponding relative errors &

6.5 In Vitro and In Vivo Experimental Studies
6.5.1 In Vitro Experiments

As seen previously in Sect. 6.3, computer simulations allowed to determine the
influence of the aggregate size, shape and compactness on ultrasound backscat-
tering. It is currently difficult to control all these parameters in in vitro experi-
ments. An instructive in vitro experiment is to shear blood in a Couette flow device
providing a linear velocity profile and a constant shear rate for a given rotational
speed of the device (Foster et al. 1994; Van Der Heiden et al. 1995; Yu and
Cloutier 2007; Yu et al. 2009). A homogeneous level of aggregation could thus be
expected in such a controlled flow. Figure 6.11 shows the typical measured
BSCeqs as a function of frequency for porcine blood at a systemic hematocrit of
40 % sheared at different shear rates in a Couette flow device (Franceschini et al.
2010). These experimental data were obtained using an ultrasound scanner Vevo
770, Visualsonics (Toronto, Canada) equipped with a 25 MHz-center frequency
probe (RMV 710). The measured BSC,,..s signifies here the experimental measure
of the BSC. It was calculated here by a substitution method with a reference
phantom (i.e. a sample of disaggregated RBCs suspended in saline at a 6 %
hematocrit) to compensate the backscattered power spectra for the electrome-
chanical system response, and the depth-dependent diffraction and focusing effects
caused by the ultrasound beam. As observed in Fig. 6.11, the amplitude of the
BSC)yeqs increases and the peak occurs at lower frequencies as the shear rate
decreases (i.e. when the level of aggregation increases). Also represented are
corresponding fitted curves obtained with the SFSE, as well as the corresponding
values of W*, D* and the correlation coefficient #? to assess the goodness of fit
between the model and the measured data. Note that in this section the aggregate
sizes estimated by the SFSE correspond to the mean aggregate diameter D* instead
of the mean aggregate gyration radius R, (see Eq. (6.13)). The SFSE provides

good fits to the data and W* and D* increase when the shear rate decreases.
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Fig. 6.11 Backscatter coefficients for blood sheared at different shear rates, and corresponding
fitting with the SFSE (Figure modified from Franceschini et al. 2010)

The corresponding spatial maps of aggregate size and packing factor estimates
(parametric images) for a shear rate of 10 s™' are displayed in Fig. 6.12. The
parametric images are superimposed on a conventional B-mode frame. The
parametric images are useful for describing how aggregate structures vary in size
as a function of depths. In the Couette flow experiments, the parametric images are
quite homogenous as it was expected, since the level of aggregation is identical
whatever the depth. Under in vivo conditions with ultrasound measurements on a
blood vessel, the shear rate distribution varies with the radial position, and con-
sequently, the aggregate size distribution too. An example of parametric images of
porcine blood in a tubular in vitro experiment is displayed in Fig. 6.13.

6.5.2 In Vivo Experiments

The difficulty to apply the SFSE or the EMTSFM in vivo is that the spectral
content of backscattered echoes is also affected by attenuation caused by inter-
vening tissue layers (such as the skin) between the probe and the blood flow. To
evaluate correctly microstructural parameters, it is thus of major interest to take
into account tissue attenuation effects. Some groups (He and Greenleaf 1986;
Oosterveld et al.1991) developed measurement techniques to evaluate the fre-
quency-dependent attenuation in order to compensate a posteriori the backscat-
tered power spectrum. Recently, Bigelow et al. (2005a, 2005b) introduced a new
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Fig. 6.12 Quantitative images of porcine blood sheared at 10 s~' in a Couette device
superimposed on the gray-scale B-mode images. Parameters W* and D* were estimated by the
SFSE (Figure modified from Franceschini et al. 2010)
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Fig. 6.13 Quantitative images of porcine blood sheared in a tube superimposed on the gray-scale
B-mode images. Parameters W* and D* were estimated by the SFSE (Figure modified from
Franceschini et al. 2010)

algorithm that has the advantage to estimate simultaneously the effective radius of
the tissue microstructure and the total attenuation. These two parameters were
determined by using a single minimization method that fits the spectrum of the
backscattered RF echoes from the region of interest (ROI) to an estimated spec-
trum by an appropriate model. This last strategy was recently adapted for the
estimation of RBC scatterer sizes by slightly modifying the SFSE and was named
the Structure Factor Size and Attenuation Estimator (SFSAE) (Franceschini et al.
2008, 2010). The SFSAE allows to determine simultaneously blood structural
parameters (i.e. W and D) and the total attenuation by modeling the theoretical
backscattering coefficient of blood as follows (Franceschini et al. 2008):
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BSCspsag(—2k) = noy,(—2k) (w - ]5—2 (kaD)z)A(—Zk)
(6.17)
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where A is the frequency-dependent attenuation function, c¢ is the mean speed of
sound in the intervening tissue layers and o is the attenuation coefficient (in dB/
MHz) defined by: oy = Z o;e;, where o; and e; are respectively the intervening
tissue layer attenuations (in dB/cm/MHz) and thicknesses. One can note in
Eq. (6.17) the coefficient 8.68 that expresses unit conversion from dB to Neper:
oo[Neper/MHz] = oy[dB/MHz]/8.68. According to the above equation, we thus
assume that the attenuation increases linearly with the frequency f:
a(f) = aqf/8.68. The packing factor W*, aggregate diameter D* and total atten-
uation along the propagation path o are determined by matching the measured
BSC with the theoretical BSCsrsag given by Eq. (6.17), as performed previously
with the SFSE model.

Note that the SFSAE allows to estimate a total attenuation, including the
intervening tissues between the probe and the blood flow but also the blood
attenuation itself. The skin is one of the most attenuating tissue layers during
in vivo scanning. The attenuation of human dermis is around 0.21 dB/MHz at
14-50 MHz considering a 1-mm dermis thickness (Raju and Srinivasan 2001). On
the other hand, the blood attenuation is smaller around 0.015 dB/mm/MHz for
disaggregated blood and 0.053 dB/mm/MHz for large aggregating conditions
(Franceschini et al. 2010).

With in vitro experiments (Franceschini et al. 2008, 2010) the method gave
satisfactory estimates with relative errors below 25 % for attenuations between
0.115 and 0.411 dB/MHz and D* <7.29 (corresponding to a product kr,, <2.08).
Measurements were also performed on an arm’s vein of a normal subject using an
ultrasound scanner equipped with a 25 MHz center frequency probe (Franceschini
et al. 2009). The probe was positioned in longitudinal view to examine a complex
flow in the vinicity of two closed venous valves. Regions were examined upstream
and downstream from the two venous valves. Quantitative ultrasound parametric
images of the aggregate diameter D*, the packing factor W* and the total atten-
uation o were constructed by using the SFSAE (Fig. 6.14). The black pixels in
Fig. 6.14 correspond to rejected solutions of the optimization method, when the
estimated packing factor W* or diameter D* was found equal to zero, which is
unrealistic (see section V-D in Franceschini et al. 2010). For the two structural
parameters D* and W*, statistically significant differences were observed between
blood stagnation and circulation zones; whereas attenuation mean values were
quite similar. This work shows the SFSAE ability to estimate blood structural
properties in vivo and in situ, and opens the way to parametric imaging for clinical
studies in abnormal blood conditions.
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Fig. 6.14 Quantitative images of blood circulating in the vinicity of the two closed venous
valves superimposed on the gray-scale B-mode images. Parameters W*, D* and oj were estimated
by the SFSAE (Figure modified from Franceschini et al. 2009)

6.6 Conclusion

This chapter has focused on the theoretical structure factor model of ultrasound
backscattering by aggregated RBCs, on computer simulations to understand the
impact of the aggregate structure on the frequency-dependent BSC and on two
approximated theoretical models, the SFSE (or SFSAE) and the EMTSFM,
allowing the estimation of blood structural properties. The SFSAE, i.e. the mod-
ified SFSE allowing to take into account the intervening tissue between the probe
and the blood, has been shown able of estimating blood structural properties
in vivo and in situ. Using the SFSAE, future works should focus on in vivo and
in situ assessment of the pathophysiological impact of abnormal RBC aggregation
on the cardiovascular system (see for example Yu et al. 2011).

The EMTSFM recently proposed is also a very promising model needing to be
developed to speed the parameter estimation. Computed simulations show the
superiority of the EMTSFM to estimate RBC aggregate size and compactness in
comparison with the SFSE. An important contribution of this new model is the
parameterization of the BSC with the aggregate compactness, which is a structural
parameter not available in any other modeling strategies proposed in quantitative
ultrasound imaging. The main limitation of the EMTSFM (as well as the SFSE) is
the assumption of isotropic aggregates that limits the use of these models to
pathological blood. In the future, improvements should consider incorporating the
aggregate anisotropy and the possibility to simultaneously estimate the tissue
attenuation, as for the SFSAE. It means that the EMTSFM could be slightly
modified by introducing the attenuation term to estimate simultaneously the RBC
aggregate size, compactness and the total attenuation.
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