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Abstract

Ultrasonic backscattered signals from blood contain frequency-dependent information that can
be used to obtain quantitative parameters reflecting the aggregation state of red blood cells (RBCs).
The difficulty to use this frequency-dependent informationin vivo is due to the attenuation caused
by intervening tissue layers that distorts the spectral content of backscattering properties from
blood microstructures. We propose an optimization method to simultaneously estimate tissue at-
tenuation and blood structure factor. In anin vitro experiment, we obtained satisfactory estimates
with relative errors below 25% for attenuations between 0.115 and 0.411 dB/cm/MHz andD <10
(D the aggregate diameter expressed in number of RBCs).

1. Introduction

For the detection and characterization of tissues, quantitative ultrasound techniques using the
radio frequency (rf) backscattered signals have received broad interest for the past 30 years. One
approach is to use the magnitude and the frequency dependence of the rf backscatter spectrum in
order to quantify the tissue structures such as the size, acoustic impedance, and concentration of the
scatterers. Manyin vitro and in vivo experiments have been performed to demonstrate the utility of
this approach for characterizing of eye, liver, kidney, prostate and breast. Recently, the frequency
dependence of the ultrasound backscattering coefficient (BSC) was studied to assess the level of
red blood cell (RBC) aggregation. Two parameters describing RBC aggregation, the packing factor
and mean aggregate diameter, were estimated from the Structure Factor Size Estimator (SFSE).1

The difficulty to use the SFSEin vivo is that the spectral content of backscattered signals is also
affected by attenuation caused by intervening tissue layers between the probe and the blood flow.
More generally, ultrasound scatterer size estimation techniques for tissue characterization (such
as liver, kidney, prostate or breast) has had limited success in clinical practice because of tissue
attenuation effects.2,3 Some groups2,4,5 developed measurement methods to evaluate the frequency-
dependent attenuation in order to compensatea posteriori the backscattered power spectrum. Our
goal is to explore an other strategy forin vivo measures of RBC scatterer sizes. Recently, we
propose an optimization method providind an estimate of total attenuation and blood structural
parameters simultaneously, termed the Structure Factor Size and Attenuation Estimator (SFSAE).6

This method consists in fitting the spectrum of the backscattered radio-frequency (rf) echoes from
blood to an estimated spectrum by a modified SFSE model. Herein, the SFSAE is improved and
in vitro experimental evaluation of the SFSAE is performed.
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2. Background: Structure Factor Size and Attenuation Estimator

The technique allowing to estimate simultaneously blood structural parameters and total atten-
uation has been described in detail in Ref. 6 and is summarized here.

Blood can be considered as a very dense suspension of particles (i.e. red cells) having strong
interactions (collision, attraction, deformation, flow dependent motions). We develop a theoretical
model of blood ultrasound backscattering based on the particle approach.7,8 Thsi approch consists
of summing contributions from individual RBCs and models the RBC interaction by a particle pair-
correlation function. The model proposed in Ref. 1 has been modified to predict the theoretical
backscatter coefficient from blood:6

BSCtheor(k) = mσb(k)S(k)A(k) (1)

wherek is the wave vector,m is the number density of RBCs in blood estimated by measuring
the hematocritH by microcentrifugation (m = H/Vs, whereVs is the volume of a RBC),σb is
the backscattering cross section of a single RBC,S is the structure factor describing the spatial
organization of RBCs, andA is the frequency-dependent attenuation function. The backscatter-
ing cross-sectionσb of a weak scattering particle small compared to the wavelength (Rayleigh
scatterer) can be determined analytically as follows:σb(k) = 1/(4π2)k4V 2

s γ2

z , whereγz is the
variation of impedance between the RBC and its suspending medium (i.e. the plasma). The struc-
ture factorS is the Fourier transform of the pair-correlation function8 g and is approximated by its
second-order Taylor expansion1 in k as

S(k) = 1 + m

∫
(g(r) − 1) e−2jkrdr ≈ W −

12

5
(kR)2. (2)

In this last equation,W is the low-frequency limit of the structure factor (S(k)|k→0) called the
packing factor.8,9 R is the radius of 3D RBC aggregates assumed to be isotropic. Weintroduce
D = R/a as the isotropic diameter of an aggregate (expressed in number of RBCs) witha the
radius of one RBC sphere-shaped model of volumeVs. The attenuation functionA is given by:
A(k) = e−4α0f , wheref is the frequency andα0 is the attenuation coefficient (in dB/MHz) defined
by: α0 =

∑
i

αiei, whereαi andei are respectively the intervening tissue layer attenuations (in

dB/cm/MHz) and thicknesses. We thus assume that the attenuation increases linearly with the
frequency:α(f) = α0f .

The measured backscatter coefficient was computed as

BSCmeas(k) = BSCref(k)
Pmeas(k)

Pref(k)
. (3)

In Eq. (3), the mean backscattered power spectrumPmeas was obtained by averaging the power
spectra of 20 backscattered echoes from blood. The mean power spectrumPref was obtained from
a reference sample of non-aggregated RBCs at a low hematocrit of 6% (i.e. Rayleigh scatterers).10
In this case, 20 echoes were also averaged. This reference sample was used to compensate the
backscattered power spectrumPmeas for the electromechanical system response, and the depth-
dependent diffraction and focusing effects caused by the USbeam.
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The packing factorW , aggregate diameterD and total attenuation along the propagation path
α0 were determined by matching the measuredBSCmeas given by Eq. (3) with the theoretical
BSCtheor given by Eq. (1). For this purpose, we searched values ofW , D andα0 minimizing
the cost functionF (W, D, α0)=||BSCmeas − BSCtheor||

2. In all studied cases, the cost function
seemed to have a unique global minimum, as was observed by plotting the cost function surface
F (W, D) with varying values ofα0 (see Fig. 1 in Ref. 6). For the optimization problem, we defined
a set of lower and upper bounds on the variables (W , D, α0) so that the solution is searched in the
range: 0≤ W ≤100, 0≤ D ≤50 and 0≤ α0 ≤1 dB/MHz. We chose to reject the solution (W , D,
α0) having an estimated diameterD very small compared to 0.1.

3. In vitro experiment in a Couette flow device

3.1 Blood prepation

Fresh porcine whole blood was obtained from a local slaughter house, centrifuged and the
plasma and buffy coat were removed. Two blood samples were then prepared: (i) a H6 reference
sample, which was a 6% hematocrit non-aggregating RBCs resuspended in saline solution; and (ii)
a 40% hematocrit T40 test sample, which consisted of RBCs resuspended in plasma to promote
aggregation.

3.2 Experimental set up

US measurements were performed in a Couette flow system to produce a linear blood velocity
gradient at a given shear rate. The schematic configuration of the experience is shown in figure 1.
The system consisted of a rotating inner cylinder with a diameter of 160 mm surrounded by a fixed
concentric cylinder of diameter 164 mm. A 60 mL blood sample was sheared in the 2 mm annu-
lar space between the two coaxial cylinders. The US scanner (Vevo 770, Visualsonics, Toronto,
Canada) equipped with the RMV 710 probe was used in B-mode. The single-element focused cir-
cular transducer had a center frequency of 25 MHz, a diameterof 7.1 mm and a focal depth of 15
mm. We operated at a sampling frequency of 250 MHz with 8 bits resolution (Gagescope, model
8500CS, Montreal, Canada). The probe was mounted in the sidewall of the fixed outer cylinder
and was positioned to have its focal zone at the center of bothcylinders. To ensure ultrasonic cou-
pling, the hole within the outer stationary cylinder (containing the probe) was filled with a liquid
agar gel based mixture. When solidified, this gel was cut to match the curvature of the cylinder
to avoid any flow disturbance. The gel was a mixture of distilled water, 3% (w/w) agar powder
(A9799, Sigma Chemical, Saint-Louis, MO), 8% (w/w) glycerol and a specific concentration of 50
µm cellulose scattering particles (S5504 Sigmacell, Sigma Chemical, Saint-Louis, MO) that de-
termined the attenuation coefficient. Five experiments were performed with five mixtures having
Sigmacell (SC) concentrations varying from 0% to 1% (w/w). Since skin is one of the most atten-
uating tissue layers duringin vivo scanning, phantoms were prepared in order to have attenuations
closed from skin attenuation. The 0% concentration constituted the non-attenuating gel and the
four other mixtures mimicked skin attenuations.
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   RMV 710 probe composed of an

  oscillating single-element focused

   circular transducer of fc=25 MHz

   (Vevo 770, Visualsonics, Canada)

Agar and Sigmacell gel

eSC=10 mmSC

Rotating inner cylinder

Fixed outer cylinder

Figure 1: The Couette flow system

3.3 Attenuation measurements

The attenuation coefficients of the reference (0% SC) and of the others skin-mimicking phan-
tomsαsc were determined by using a standard substitution method. A transducer with center fre-
quency of 25 MHz (Vevo 770, Visualsonics, Toronto, Canada) was used in transmission/reception
with a reflector on the opposite side of the phantom for reflection measurements. Reflected signals
were recorded both with and without the agar gel sample in theacoustic path. The attenuation
coefficient was then estimated using a log spectral difference technique. For each concentration
of SC, six regions were scanned for averaging purpose. Thicknesses of skin-mimicking phantoms
esc were fixed to 10 mm. As shown in the table 1 summarizing results, attenuation coefficients of
skin-mimicking phantoms were in the same range as the human dermis (0.21 dB/MHz at 14 - 50
MHz considering a 1 mm dermis thickness11).

Attenuations of the bloodαblood sheared at different shear rates were also measured in the
reflection mode using the same experimental configuration shown in figure 1. The gel had a 0%
SC concentration and the rotating inner cylinder was used asthe reflector. Table 2 summarizes
results.

Table 1: Estimated values of the attenuation coefficients ofthe reference (0% SC) and of the others
skin-mimicking phantoms (using a log spectral difference technique)

SC Sigmacell attenuationαsc

(%) (dB/MHz)
0.25 0.115
0.5 0.219
0.75 0.320

1 0.412
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Table 2: Estimated values of the blood attenuation sheared at different shear rates in the Couette
flow device (using a log spectral difference technique)

Shear rates Blood attenuationαblood

(s−1) (dB/MHz)
5 0.053
10 0.036
20 0.024
30 0.016
50 0.013

3.4 Measurement protocol

Prior to each measurement, the T40 blood was sheared at 200 s−1 during 30 s to disrupt RBC
aggregates. The shear rate was then reduced to residual values of 5, 10, 20, 30 and 50 s−1 during
90 s to reach an equilibrium in the state of aggregation in thesheared blood sample. After that, for
each shear rate, 20 B-mode images were constructed for 80 s. For each line of the B-mode images,
echoes were selected with a rectangular window of length 0.4mm at twenty depths every 0.04 mm
(i.e. with 90% overlap between windows). For each depth, the power spectraof the backscattered
echoes were averaged over 20 acquisitions (corresponding to the 20 acquired images) to provide
Pmeas. This protocol was repeated five times with the five agar-based phantoms. Then, the T40
blood was removed and the H6 sample was introduced in the Couette device. The H6 sample was
sheared at 50−1 and coupled with the 0% SC concentration agar gel. Echoes were windowed as
for the H40 sample at the same depths and their power spectra were averaged over 20 acquisitions
to obtainPref .

3.5 Reference measurements with the 0% SC concentration phantom

The experiment with the 0% SC phantom was realized in order to have reference results on
packing factorsWref and aggregate diametersDref obtained from the classical SFSE.1 These
parameters were assumed to be true values of packing factorsand aggregate diameters for all shear
rates, and will be compared in the next section with packing factors and diameters estimated by
the SFSAE and by the SFSE when skin-mimicking phantoms are used.

It is important to emphasize the fact that the H6 reference sample was also measured with
the 0% SC phantom. The phantom attenuation, although small with noSC, therefore affected
equivalently both spectraPmeas andPref in Eq. (3). The resulting measured backscatter coefficient
BSCref was thus not biased by attenuation.

4. Results

4.1 Reference parameters with the SFSE

Figure 2 reports results onWref andDref from the SFSE with compensation for blood attenu-
ation in the case of no gel attenuation. It can be observed that the amplitude of the backscattering
coefficient as well as the estimation of the parameters onWref andDref decrease when the shear
rate increases (i.e. the level of aggregation becomes smaller).
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Figure 2: Backscatter coefficients for blood sheared at different residual shear rates and measured
with the 0% SC concentration phantom, and corresponding fitting with the classical SFSE with no
compensation for attenuation.
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Figure 3: Backscatter coefficients for blood sheared at 10 s−1 and 50 s−1, and measured with each
of the five phantoms. The corresponding fitted models are the SFSE for the 0% SC phantom, and
the SFSAE for the four other skin-mimicking phantoms (0.25,0.5, 0.75 and 1% SC).
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Figure 4: (a) Values ofW , D andα0 (in dB/MHz) for different residual shear rates estimated by
the classical SFSE for the 0% SC concentration and by the SFSAE for the four skin-mimicking
phantoms. (b) Corresponding relative errors.
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Figure 5: (a) Values ofWcomp andDcomp for the four skin-mimicking phantoms obtained with
the SFSE with attenuation-compensation using the attenuation values estimated in reflection. (b)
Corresponding relative errors. ParametersWcomp andDcomp are compared withWref andDref .
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4.2 Parameters evaluated with the SFSAE

Typical results of the SFSAE minimization procedure for thedifferent agar phantoms at a shear
rate of 10 s−1 and 50 s−1 are given in Fig. 3. For both shear rates, it can be observed that more the
total attenuation increases, more the backscattering coefficient amplitude decreases at all frequen-
cies and more the frequency dependence of the backscattering coefficient changes. One can also
notice that the parametersW andD from the SFSAE are very similar to the reference parameters
Wref andDref , as well as the total attenuationα0 from the SFSAE similar to the reference total
attenuation. The reference total attenuationαref corresponds toαscesc + αbloodeblood whereαsc

andαblood are the skin-mimicking phantom attenuation and the blood attenuation estimated in the
reflection mode as shown in section 3.3.

For each residual shear rate, parametersW , D andα0 were estimated by the SFSAE. Figure
4 summarizes these results. In this figure, the relative errors for each parameter correspond to:
(W − Wref)/Wref , (D − Dref)/Dref and(α0 − alpharef)/αref . Except for the shear rate 5 s−1

with the skin-mimicking phantom having the smallest attenuation (0.25% SC), the SFSAE gave
quantitatively satisfactory estimates ofW andD with relative errors below 25%.

4.3 Parameters evaluated with the SFSE with compensation for blood attenuation

The packing factorWcomp and the diameter of the aggregatesDcomp were also evaluated by
compensating the backscatter coefficients in the SFSE with the value measured in reflection. Re-
sults are presented in Fig. 5. The relative errors are below 25% for all shear rates and all skin-
mimicking phantoms.

5. Conclusions

The accuracy of the estimates obtained with the SFSAE was as satisfactory as those obtained
with the SFSE with attenuation-compensation (i.e when a priori are known about the attenuation).
For both methods, relative errors forW andD were below 25%, except for one value correspond-
ing at the shear rate 5 s−1 with the skin-mimicking phantom having the smallest attenuation (0.25%
SC). In this last case, the SFSAE gave less accurate estimates (relative errors around 50% for W
andα0). The SFSAE seems to reach its limit of applicability for large aggregate sizes: typically
Dref = 10.11 (i.e.kR=2.8)

Nevertheless, the SFSAE has the major advantage to be easilyapplicable in vivo because of
the simultaneous estimation of the blood structural properties and total attenuation (contrary to
the SFSE attenuation-compensation method, needing the attenuation and thickness of the tissue
intervening layers to be known).
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