Biorheology, Vol. 34, No. 6, pp. 445470, 1997
Copyright © 1998 Elsevier Science Ltd
Printed in the USA. All rights reserved
0006-355X /97 $17.00 + .00

PII S0006-355X(98)00026-2

REVIEW

ULTRASOUND BACKSCATTERING FROM NON-AGGRE-
GATING AND AGGREGATING ERYTHROCYTES-A REVIEW

GUY CLOUTIER AND ZHAO QIN

Laboratory of Biomedical Engineering, Institut de recherches cliniques de
Montréal and Department of Medicine, University of Montreal, Montreal,
Québec, CANADA

Reprint requests to: Dr. Guy Cloutier, Laboratory of Biomedical Engineering,
Institut de recherches cliniques de Montréal, 110 avenue des Pins Ouest,
Montréal, QC, H2W 1R7, Fax: 514-987-5705; e-mail: cloutig@ircm.umontreal.ca

ABSTRACT The objective of the present paper is to provide a detailed review
of theoretical, experimental and clinical works aimed at understanding the
scattering of ultrasound by red blood cells (RBC). The paper focuses on the
role of biofluid mechanics and blood biorheology on the scattering
mechanisms. The influence of RBC aggregation on the ultrasound
backscattered power is specifically addressed. After a short introduction, the
paper presents the theory of Rayleigh scattering and summarizes theoretical
models on ultrasound backscattering by RBC. The particle, continuum and
hybrid models are presented along with reported packing factors used to
consider the orderliness in the spatial arrangement of RBC. Computer models
of ultrasound backscattering by RBC are also presented in this section. In the
second section, experimental factors affecting the ultrasound backscattered
power from blood are presented. The influence of the volume of the
scatterers, ultrasound frequency, hematocrit, orientation of the scatterers, flow
turbulence, flow pulsatility, and concentration of fibrinogen and dextran is
discussed. The third section focuses on the use of ultrasound to characterize
RBC aggregation. Three aspects are reported: the shear rate dependence of the
backscattered power, the "black hole" phenomenon, and the kinetics of RBC
rouleau formation. The fourth section reports in vivo observations of the
"smoke like" echo in mitral valve disease, and blood echogenicity and
backscattered power in veins and arteries. In the last section, new areas of
research, clinical applications of ultrasound backscattering, and areas of
potential future developments are presented. © 1998 Elsevier Science Ltd
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Introduction

Ultrasound imaging became accepted as a diagnostic imaging modality in the
early 1970s when gray-scale ultrasonography was introduced. The ultrasonic
scattering properties of blood has always been of considerable interest.
However, because ultrasound at diagnostic frequencies between 2 and 30 MHz
cannot resolve individual blood elements, the speckle pattern occasionally seen
on gray-scale B-mode ultrasound images is complex and cannot be directly
related to the spatial arrangement and structure of moving RBC. Currently, we
know that the fluctuation in the spatial and temporal distribution of RBC and
the presence of RBC aggregation strongly contribute to the intensity of the
ultrasound scattered signal. Since the early work by Reid and collaborators on
ultrasound scattering by blood (Shung and Thieme, 1993), much progress has
been made in this field of research. However, there is still much to learn as
new discoveries often raise more questions than they answer.

Of all the techniques proposed in the literature to study the rheological
properties of blood, most involve blood sampling and in vitro measurements
(Stoltz and Donner, 1991). Ultrasound, which propagates through soft tissues,
has the potential to be applied in wvivo. Within the field of clinical
hemorheology and biorheology, ultrasound has the potential to provide new
insight into the understanding of the dynamics of RBC aggregation, platelet
aggregation, and blood flow turbulence. This review focuses on the rheology of
both nonaggregating and aggregating erythrocytes as assessed by ultrasound
backscattering.

Ultrasound backscattered power from blood
RBC as scattering targets

When an acoustic wave propagates through inhomogeneous media, such as
biological tissues, it is diverted by reflection and refraction from tissue
interfaces, by scattering if the size of the interfering particles is much smaller
than the ultrasound wavelength, or it is absorbed by the medium and converted
into heat. Backscattering of ultrasound by blood is almost entirely due to the
biconcave shaped erythrocytes because they are much more numerous than the
slightly larger leukocytes, and significantly larger and more numerous than
platelets. Typical human RBC have a diameter of approximately 8.2 um and are
roughly 2.2 um thick.

The behavior of erythrocytes as scattering targets depends on. their size,
concentration, and acoustic properties. In most clinical instruments, the
ultrasound frequency is in the range of 2-30 MHz. The wavelengths
corresponding to these frequencies are larger than the size of a RBC (770 pm at
2 MHz and 51 pm at 30 MHz). When an incident ultrasound beam is scattered
by RBC, the scattered power can be measured at any scattering angle ¢ between
0 and 360° (Shung et al.,, 1977). Scattering measurements are made with one
transducer for backscattering at 180° or by two transducers for other angular
measurements.

The most widely used approach in medical ultrasound is the pulse-echo
B-mode scanning technique. Using a wideband emitting pulse and recording
the time variation of the radio-frequency (RF) echo envelope, gray-scale
ultrasonic images are generated from the specularly reflected echoes (reflection
from large interfaces) as well as from the diffusely backscattered echoes
(scattering from small particles). The term echogenicity, specific to B-mode
imaging, is used as a measure of the tissue backscattering properties, whereas
the term echoicity is used to take into. consideration the influence of both the
ultrasound system and intervening tissues (Yuan and Shung, 1989). Ultrasound
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received from moving scatterers has a different frequency from that of the
transmitted ultrasonic signal. This change in frequency is known .as the Doppler
effect and its magnitude as the Doppler frequency shift which is proportional to
the axial velocity of scatterers (Evans et al., 1989). Due to this unique property
of the Doppler effect, the Doppler technique is mainly used for the detection
and measurement of blood flow velocity. The square of the intensity of the
Doppler ultrasound signal backscattered by RBC is known as the Doppler
backscattered power. Power Doppler ultrasound is a new imaging modality available
on commercial instruments that maps the backscattered power in real time
within vessels.

Rayleigh scattering

Theoretical models of ultrasound scattering by blood are used to understand
the physical mechanisms generating the scattered signal from RBC. The
backscattering coefficient (BSC), defined as the power backscattered by a unit
volume of scatterers per unit incident intensity per unit solid angle in the
backward direction (Shung and Thieme, 1993), is commonly wused to
characterize ultrasound scattering by blood and tissues. When an ultrasonic
wave encounters a particle that is very small in size compared to the incident
wavelength A, a part of the incident energy is uniformly scattered in all
directions. This kind of wave scattering was first studied by Lord Rayleigh in
1871 and is therefore referred to as Rayleigh scattering (Rayleigh, 1945).

The scattering cross-sectional area of a RBC is a very important parameter
used to define the ultrasound backscattering properties of blood (Shung and
Thieme, 1993). It is defined as the power scattered by one spherical particle
per unit incident intensity per unit solid angle in a direction ¢ with respect to
the ultrasound beam. By assuming Rayleigh scattering, a spherically shaped
RBC, and an observation point many wavelengths distant from the scatterer,
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where o(¢) is the scattering cross-sectional area (in cm? or any other area
units) of a single RBC of radius 4, V, = (4/3)% a’? is the volume of the scatterer,
and A is the wavelength. Parameters k,, p, and k,, p; are, respectively, the
compressibility and mass density of the scatterers (RBC, subscript c¢) and of the
surrounding medium (plasma, subscript p), and ¢ is the angular direction of
the scattered signal relative to the direction of the transmitted beam. Based on
Eq. (1), Rayleigh scattering predicts that the backscattered power from one
particle is proportional to the square of the particle volume and the fourth
power of frequency (f= /A, where ¢,=1570 m/s is the speed of sound in
blood). In practice, backscattered power measurements cannot be performed
on a single particle. As discussed next, the interaction between RBC and their
spatial and temporal arrangements also affect the backscattered power.

Modeling of ultrasound backscattering by RBC

For human blood at a normal hematocrit (=45%), the RBC are densely
packed, the positions of any pair of scatterers being neither uncorrelated nor
perfectly correlated in space and time. Indeed, the RBC interact strongly and
cannot be treated as independent scatterers. In order to develop stochastic
models for the study of the ultrasound backscattered power by RBC, different
approaches were proposed. Two basic classical approaches are known as the
particle and continuum methods. These two methods are basically different
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ways of modeling the density and compressibility functions of the random
medium, which lead to an inhomogeneous wave equation with different source
terms. The source terms 'in the particle model are the backscattered wavelets
from individual RBC, while those in the continuum model are the density and
compressibility fluctuations of the medium generating the scattered signal. In
both models, because scattering from RBC is very weak, multiple scattering is
generally ignored. Alternative approaches of modeling ultrasound scattering by
RBC can be found in Hanss and Boynard (1979) and Cobet (1988). The
following subsections summarize the particle and continuum approaches
reviewed in detail by Mo and Cobbold in Chapter 5 of Shung and Thieme
(1993). ‘

The particle model

Brody and Meindl (1974) and Albright and Harris (1975) were the first to
develop particle models for ultrasound scattering. They assumed RBC to be
independent pointsized particles. Shung et al. (1976) adapted a heuristic
“hole” approach to explain backscattering by RBC in their model. Mo and
Cobbold (1986) proposed a more general particle scattering model assuming
blood as a suspension of RBC “aggregates, all much smaller than the
wavelength. With H as the hematdcrit, V, as the volume of the scatterers, W as
the packing factor which is a measure of the correlation amongst scatterers
(W=1 for completely random placement and W-—>0 as the placement
becomes ordered), and assuming that all scatterers in the insonificated blopd
sample are identical in size, the BSC is given by:

(2) BSC=oy (H/V,) W

where 6y,is the backscattering cross-section obtained from Eq. (1) for ¢ =180°,
At very low hematocrits, W is equal to unity so that the BSC is simply
proportional to H. As the hematocrit is increased, W decays gradually to zero
since closer packing will invariably lead to a greater orderliness in the scatterer
spatial arrangement. From Egs. (1) and (2), it can be seen that at a given
hematocrit BSC is proportional to the volume of the scatterers weighted by the
packing factor and to the fourth power of the fréquency.

The continuum model

In the continuurn model, it was suggested that due to the limited resolution of
the ultrasound beam, RBC and small RBC aggregates cannot be individually
recognized, because they are much smaller than the wavelength. With this
model, scattering is considered to arise from spatidl fluctuations in the density
and compressibility of the continuum. By adapting the equations proposed by
Angelsen (1980), Mo and Cobbold (see Chapter 5 of Shung and Thieme, 1993)
proposed the following expression for the backscattering coefficient:

T%z(l/ne)v_a@

where the subscript 7 means the average of the corresponding parameter in the
random medium, , is the elemental bload velume considered, also known as
a voxel, and var(n) is the variance in the pumber of scatterers in Q, obtained
by averaging over space and time. In Eq. (3), 4,, is the average wavelength in the
random medium wﬁich varies with the hematocrit. In Angelsen's approach, the
motion of RBC is allowed and the effects of the transfer furnction of the
Doppler receiver and that of the transducer can be taken into account. An
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alternative approach based on Chernov's equations and statistical mechanic
theories was proposed to model blood as a continuum (Shung and Kuo, 1994).
In that model, the backscattering coefficient as a function of the hematocrit for
nonaggregating RBC matched well simulated results obtained with the particle
approach.

hybri 1
To generalize both particle and continuum approaches, the hybrid model was
suggested (Mo and Cobbold, 1992). In this model, the RBC within a voxel Q,
are treated as a single scattering unit moving at a single velocity. The
backscattering coefficient is obtained by first determining the contribution from
a single scattering unit as in the particle model, with the exception that the
basic scattering unit is now a voxel containing many RBC. Secondly, the
contribution from all the voxels is summed by considering the influence of the

mean number of scatterers per voxel and its variation in number as a function
of time. Based on this approach, the BSC is given by:

O ps var( )

(4) BSC =—"—
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or equivalently by
(5) BSC =04,(7/Q, W ,

where 7 is the mean number of scatterers in the voxels Q, and W is the
packing factor.

Based on the prior work by Twersky, Shung (1982) proposed a packing factor
for blood expressed in terms of H as follows:

(1-8)°

(6) W= 3
(1+2H)

This packing factor explains the nonlinear relationship between ultrasound
backscattering and high values of hematocrit. Very recently, a new theoretical
model that used a fractional packing dimension to represent the manner in
which the RBC are packed was proposed (Bascom and Cobbold, 1995). In this
model, the packing factor is given by:

(1—H)m+l

@ W)= (1+ H[m-1)"

where m is the fractional packing dimension related to the physical dimension
and the packing symmetry of the scatterers. According to this model, m is
related to the absolute temperature, the Boltzmann's constant, the pressure
within the fluid, the variation with respect to the pressure of the isothermal
compressibility of the fluid, and the flow conditions. For m=3 (spherical
packlng) Eq. (7) is equivalent to Eq. (6). By fitting this model to experlmental
results, it was shown by Bascom and Cobbold (1995) that m = 2.54 for porcine
RBC suspended in a saline solution (no aggregation) under steady laminar
flow. Substituting Eq. (6) or (7) into Eq. (5) yields the BSC for blood.
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Using the theory of scaled particle statistical mechanics, Twersky (1988)
obtained a packing factor based on the fluctuation characteristics of the
particle number in a sample volume for mixtures of similar-shaped but
different-sized scatterers. He introduced two parameters in his model:
parameter ¢ that considers the shape and correlation among particles, and
parameter d that represents the variance of the particle size. According to this
model, the packing factor is given by:
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Different values of parameters ¢ and d were obtained for bovine and human red
cells suspended in a saline solution under different flow conditions (Berger et
al., 1991). To date, no data obtained under RBC aggregation conditions were
fitted to the models of Egs. (6) to (8).

Computer models of ultrasound backscattering by RBC

A one-dimensional computer simulation model of continuous-wave ultrasound
scattering by RBC was proposed by Routh ef al. (1987). In that model, the RBC
were represented by rows of identical, finite-sized elements separated by
randomly sized sections representing the plasma. By changing the mean
distance between rows of scatterers, the backscattered power as a function of
the hematocrit could be studied. The effect of increasing the number of
scatterers and the influence of the insonating frequency were evaluated. The
simulations showed some agreement with the experimental results. The model
also indicated a large variance in the backscattered power, which is analogous
to what is observed experimentally with blood. In this simulation, the
phenomenon of RBC aggregation was considered negligible.

Following that study, the model was improved by considering a chain that
was fixed at both ends and contained n slabs (Gough et al., 1988) and a chain
of randomly spaced identical slabs (Routh et al., 1989). Both one-dimensional
approaches were used to model the backscattered power as a function of the
. hematocrit and the results predicted the maximum backscattered power at
around 35% hematocrit. In the simulation, a second peak at approximately
90% hematocrit was found (Routh et al., 1987; 1989). By using randomized
boundary conditions instead of fixed boundaries in the last model, Mo et al.
(1994) showed that the second peak was artifactual. Based on current
knowledge, the predicted peak at 35% hematocrit for this one-dimensional
model disagrees with experimental observations, as discussed in the next
paragraph.

The scattering of ultrasound as a function of the hematocrit and scatterer
size was further studied using one- and two-dimensional computer simulation
models (Zhang et al, 1994). In two dimensions, scatterers were randomly
positioned one by one and they were represented as a group of parallel
infinitely long cylinders embedded in a homogeneous medium. In one
dimension, the maximum backscattered power also occurred at around 35%
hematocrit. In two dimensions, the power peaked at around 22% hematocrit,
which is closer to that observed experimentally. It is expected that a computer
model that would consider the three-dimensional spatial arrangement of
scatterers would provide better results. Lastly, the following two computer
models proposed to predict scattering from tissues are herewith reported
because they may be useful for studying scattering by RBC. Hunt et al. (1995)
showed in one and two dimensions that differences in the backscattered power
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can be attributed to the spatial organization of scatterers. Recently, instead of
considering each scatterer individually, one- and two-dimensional voxel
approaches were proposed as a method to reduce the computation time of the
simulation (Lim et al., 1996).

Experimental factors affecting the ultrasound backscattered power from
blood

It is recognized that several factors can influence the ultrasound backscattered
power from blood. Experimental measurements were performed to validate the
theoretical models described above, whereas other studies were aimed at
improving our understanding of scattering by red cells.

The volume of the scatterers

Borders et al. (1978) showed that at frequencies between 5.2 and 12.6 MHz the
Doppler backscattered power from nonaggregating RBC of different species
was a function of the square of the RBC volume, for a constant cell
concentration and a low hematocrit (< 10%). Their experimental results
showed that dog blood (RBC volume =74 um3) scatters approximately 17
times more energy than goat blood (RBC volume = 18 um3). These results are
in agreement with the particle model of Eq.(2) for a cell concentration
H/V,=a constant and W= 1. Using a 6 MHz ultrasound transducer, Boynard
and Leliévre (1990) proposed that the backscattering coefficient may be related
to the mean size of RBC aggregates induced by dextran of different molecular
weights and concentrations. They suggested that the scattered ultrasonic
intensity should be proportional to the square of the RBC aggregate volume.
Based on the models described in the last section, this is oversimplification
even when it is assumed that the aggregates are spherical and have dimensions
much less than a wavelength. At best, the backscattered power can be related to
the volume of the aggregates weighted by the packing factor, at a constant
hematocrit. The variance in the size of the aggregates, their structure, and
orientation for long rouleaux may also play a significant role on the
backscattered power.

The ultrasound frequency

Yuan and Shung (1988b) showed, for bovine blood (no aggregation) under
laminar flow conditions, that the ultrasound frequency dependence of the
backscattered power was close to the fourth power assumed for Rayleigh
scattering. Using porcine RBC suspensions, Kuo and Shung (1994) showed that
this fourth power dependence was valid up to 30 MHz. However, using porcine
whole blood at low shear rates, the frequency dependence was found to be
smaller than the fourth power because of the presence of RBC aggregation
(Yuan and Shung, 1988b). This last study suggests that Rayleigh scattering may
no longer be valid for blood forming aggregates, especially when the
ultrasound insonification frequency is high.

The hematocrit

Shung et al. (1976) and Borders et al. (1978) studied the relationship between
the backscattered power and the hematocrit but their results contained
artifacts. Later, it was shown that the backscattered power by porcine RBC
suspensions under laminar flow increases with increasing hematocrits, peaks
near 13% hematocrit, and decreases when the hematocrit is further increased
(Yuan and Shung, 1988a). Using bovine and canine whole blood forming few
or no RBC aggregates, similar results were obtained (Yuan and Shung, 1988a;
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Yamada et al., 1992). In the presence of flow turbulence, the peak of the
backscattered power as a function of the hematocrit occurs around 20%
hematocrit (Shung et al., 1984). Beyond 20%, the power drops as observed
under laminar flow. Figure 1 summarizes experimental results obtained by
Shung et al., (1992) for both types of flow conditions. At hematocrits below
approximately 10%, few differences in the backscattered power are noted
between laminar and turbulent flows.

Based on the BSC of Eqs. (2) and (5), the nonlinear relationship of the
backscattered power beyond 183% hematocrit can be explained by the packing
effect of RBC. Using porcine whole blood under laminar flow conditions, the
backscattered power as a function of the hematocrit is affected by the flow
velocity or shear rate (Shung et al, 1992). As indicated in Fig. 2, the power
peaks near 13% hematocrit at a high velocity, while at a low velocity, a plateau
and larger variances between experiments are observed for hematocrits higher
than 13%. The larger variance can be explained by the presence of RBC
aggregates of different sizes. The plateau may be associated with the opposing
effect of the hematocrit on the packing factor and RBC aggregate size
enhancement. As the hematocrit is increased beyond 13%, the correlation
among scatterers may increase, leading to a backscattered power reduction that
is compensated for by the increase of the mean aggregate size. A continuous
increase up to 32% hematocrit was observed in another study with RBC
suspended in dextran under stationary flow conditions (Boynard and Leliévre,
1990).
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Fig. 1.  Doppler power backscattered by porcine erythrocytes suspended
in a saline solution as a function of the hematocrit. Experiments were
repeated five times under steady laminar and turbulent flow conditions
(the error bars represent the standard deviations). Doppler measurements
were performed at the center of the 48 mm diameter tube. Turbulence
was induced by introducing a screen mesh in the flow model. (Figure
modified from Shung et al., 1992.)
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Fig. 2. Doppler power backscattered by porcine whole blood under
steady laminar flow as a function of the hematocrit and Doppler velocity.
Theé error bars represent the standard deviations computed from five ex-
perifiients. Dopplér measurements were performed at the center of a
4.8 ihm diameter tube. (Figure modifiéd from Shung et al., 1992.)

The orientation of the scatterers

Based on Rayleigh scattering, the shape and orientation of scatterers have no
eéffect on the backscattered power. However, in the presence of RBC
aggregation and under steady laminar flow, Allard et al. (1996) observed an
angular depéhdence of the backscattered power at some specific shear rate
conditions for porciné whole blood. The maximum Doppler powel was
obtained at insonificatiofi angles between 45° and 60° with respect to the tube
axis. It was suggested that among possible mechanisms to explain this
anisotropic effect, the geometry of the RBC aggregates at the center of the tube
may be a determining factor. In another recent study by our group (Qin et al,,
1998a), anisotropy of the backscattered power was also found around the
ceriter of thie tube with horse blood. The anisotropy may be explained by the
fact that horse blood forms long chains of RBC aggregates (Weng et al., 1996).

The flow turbulence

Shung et al. (1984) were the first to demonstrate that flow disturbance increases
the ultrasound backscattered power. Following that study, Shung et al. (1992),
Bascom et al. (1993), Cloutier and Shung (1993a), Cloutier et al. (1995; 1996a),
and Bascom et al. (1997) investigated the effect of turbulence on the Doppler
power backscattered by non-aggregating RBC. The mapping of turbulence,
based on the backscattered power, correlated well with hotfilm anemometry
(Cloutier ef al., 1996a) and photochromic flow visualization measurements
(Bascom et al., 1997) performed downstream of stenoses. Under pulsatile flow
(Cloutier and Shung, 1993a; Cloutier et al., 1995), the ultrasound backscattered
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power peaked early after peak systole when turbulence is known to be
maximum. The mechanism by which turbulence affects the backscattered
power is not fully understood. Twersky and collaborators (Twersky, 1987; Lucas
and Twersky, 1987) assumed that turbulence decreases the correlation among
scatterers (parameter ¢ of Eq. (8)). Mo and Cobbold (1992) suggested that
turbulence increases the fluctuations in the particle concentration within
elemental voxels (parameter var(z) of Eq. (4)). In Bascom and Cobbold
(1995), turbulence reduces the packing dimension of their fractal model
(parameter m of Eq. (7)), which is consistent with an increase in the particle
concentration variance. Although different, all three studies agree on the same
point: turbulence produces randomness in the spatial and temporal
arrangement of RBC that leads to an increase in the backscattered power.

The pulsatility of the flow

The effect of the flow pulsatility on the ultrasound backscattered power was first
reported in vivo by De Kroon et al. (1991) and in vitro by Cloutier and Shung
(1991). Using an intravascular probe operating at 30 MHz, De Kroon et al.
(1991) reported changes in ultrasound echogenicity during the cardiac cycle in
three patients. They proposed that these variations could be related to changes
in the state of RBC aggregation induced by the varying shear rate. By circulating
porcine whole blood at 40% hematocrit in a flow model (Cloutier and Shung,
1993b), a significant cyclic variation of the Doppler power was also reported at
10 MHz along with a low pulse rate of 20 beats/min. However, at a pulse rate
of 70 beats/min, no power variation was found within the flow cycle. It was
suggested that the cyclic power variation may be due to RBC aggregate
formation and disruption, and rouleau orientation.

These last results were confirmed in a recent study (Wu and Shung, 1996),
in which the influence of the radial position of the sample volume within the
tube and that of the tube compliance was also evaluated using a 10 MHz
transducer. By moving the sample volume closer to the wall, the backscattered
power peaked earlier in the flow cycle at a low pulsation rate, due to the effect
of the higher shear rate on RBC aggregation. In the study of De Kroon e al.
(1991), the presence of a cyclic variation at a physiological pulsation rate and
the absence of power variations in the last two studies at 70 beats/min may be
due to the different ultrasound carrier frequency selected. Because the
aggregates are probably smaller at 70 beats/min, the resolution at 10 MHz may
not be sufficient to observe a cyclic variation. Finally, as reported by Cloutier
and Shung (1993a); Cloutier et al. (1995); and Bascom et al. (1997), flow
turbulence can also induce a cyclic variation of the Doppler power at a high
hematocrit. Unless the flow condition is known, the cyclic variation due to
turbulence and RBC aggregation may be difficult to dissociate.

The concentration of fibrinogen and dextran

Yuan and Shung (1988b) showed that the ultrasound backscattered power from
porcine whole blood under laminar flow conditions increases with rising
fibrinogen concentrations due to the presence of RBC aggregation. Boynard
and Leliévre (1990) studied the ultrasound backscattered power for human
blood suspended in different molecular weights and concentrations of dextran
saline solutions. They showed, for different hematocrits, that the backscattering
coefficient increases with increasing dextran 70 concentration, rises up to a
maximum value at a mass concentration close to 40 g/1, and then decreases.
The maximum values of the backscattering coefficient for dextrans 150, 500 and
2000 were approximately the same at 20% hematocrit, were obtained at a mass



