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Abstract

The analysis of the ultrasonic frequency-dependent batfesccoefficient of aggregating red
blood cells reveals information about blood structuraigemies. The difficulty to apply this tech-
niqueinvivo is due to the frequency-dependent attenuation causeddyyaming tissue layers that
distorts the spectral content of backscattering propsefteen blood microstructures. An optimiza-
tion method is proposed to simultaneously estimate tisgeawation and blood structure factor.
In anin vitro experiment, the method gave satisfactory estimates widtive errors below 2%
for attenuations between 0.101 and 0.317 dB/cm/MHz, sigpabise ratios-28 dB andk R <2.7

(k being the wave number a@lthe aggregate radius).

PACS numbers: 43.80.Qf, 43.80.Cs, 43.35.Bf, 43.35.Yb
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1. Introduction

Ultrasonic (US) backscattered echoes from blood contaquiency-dependent information
that can be used to obtain quantitative parameters refigttie aggregation state of red blood
cells (RBCs). Recently, two parameters describing RBCegggion, the packing factor and mean
fractal aggregate diameter, were extracted from the Stredtactor Size Estimator (SFSEJhe
SFSE is a second-order data reduction model based on tlctusértactor and adapted to a dense
medium such as blood. This approach is based on the anafytsis backscattered power spec-
trum that contains information about the size, spatial wizgtion, concentration and mechanical
properties of scatterers (i.e. RBCs). The difficulty to gpihle SFSEnN vivo is that the spectral
content of backscattered echoes is also affected by attenumused by intervening tissue lay-
ers between the probe and the blood flow. More generallyasdtind scatterer size estimation
techniques for tissue characterization (such as livendyidprostate or breast) are facing similar
challenge$:® To evaluate correctly microstructural parameters, it isstbf major interest to take
into account tissue attenuation effects. A few gréudpsdeveloped measurement techniques to
evaluate the frequency-dependent attenuation in ordeorigpensate posteriori the backscat-
tered power spectrum. The goal of this letter is to furthewettp this strategy foim vivo measures
of RBC scatterer sizes. We propose to determine simultateblood structural parameters and
total attenuation by using an optimization method, terniedStructure Factor Size and Attenua-
tion Estimator (SFSAE).

This method consists in fitting the spectrum of the backspeadt radio-frequency (rf) echoes
from blood to an estimated spectrum by a modified SFSE modes dpproach is similar to that
presented by Bigelowt al.?, who estimated the effective radius of tissue microstmecéund total

attenuation from simulated backscattered signals. Heirewvitro experimental evaluation of the
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SFSAE is performed. Porcine RBCs were sheared in a Couettesflstem, and ultrasonic rf

echoes were obtained using a 25 MHz center-frequency tnaesdSince skin is one of the most
attenuating tissue layers durimg vivo scanning, three skin-mimicking phantoms with different
attenuation coefficients were successively introduceddst the transducer and the blood flow.
This study shows the SFSAE ability to evaluate three pararaéthe packing factor, mean fractal

aggregate diameter and total attenuation).

2. Structure Factor Size and Attenuation Estimator

Blood can be seen as a very dense suspension of red cellse RB€3s cannot be treated as
independent scatterers since particle interactionsiggcmil, attraction, deformation, flow depen-
dent motions) are strong. The theoretical model of ultraddoackscattering by blood that we
developpetlis based on the particle appro&¢hwhich consists of summing contributions from
individual RBCs and modeling the RBC interaction by a p#&tpair-correlation function. Assum-
ing that the Born approximation is valid (weak scatteririgg model proposed in Ref. 1 can be

modified to predict the theoretical backscatter coefficieorh blood:

BSClipeor(k) = moy(k)S(k)A(k) (1)

wherek is the wave vectonn is the number density of RBCs in blood estimated by measuring
the hematocrit? by microcentrifugation/¢ = H/V;, whereVj is the volume of a RBC)g, is

the backscattering cross section of a single RBGs the structure factor describing the spatial
organization of RBCs, and is the frequency-dependent attenuation function. The duatier-

ing cross-sectiow;, of a weak scattering particle small compared to the wavdte(iRayleigh
scatterer) can be determined analytically as follows(k) = 1/(47%)k*V242, where~, is the
variation of impedance between the RBC and its suspendimngume(i.e. the plasma). The struc-
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ture factorS is by definition the Fourier transform of the pair-corredatifunctiori ¢ and can be

approximated by its second-order Taylor expanSiark as
—2j5kr 12 2
S(k)y=14+m [ (g(r)—1)e ™ dr%W—E(kR) : 2)

In this expressiong(r) represents the probability of finding two particles sepatdty a distance
r. W is the low-frequency limit of the structure factd#()|_o) called the packing factdr® R is
the radius of 3D RBC aggregates assumed to be isotropic. WdeliceD = R/a as the isotropic
diameter of an aggregate (expressed in number of RBCs)wtitie radius of one RBC sphere-
shaped model of volumig. The attenuation functiod is given by: A(k) = e/, wheref is the
frequency andy, is the attenuation coefficient (in dB/MHz) defined hy; = Z a;e;, Whereq;
ande; are respectively the intervening tissue layer attenuat{ondB/cm/M Hz; and thicknesses.
According to the above equation, we thus assume, as a firsbxpyation, that the attenuation

increases linearly with the frequenay(f) = aof.

The measured backscatter coefficient reported in this stadycomputed as

Pmeas(k>
Prep(k)

In Eg. (3), the mean backscattered power spectfiymn,, was obtained by averaging the power

BSCeas(k) = BSChos(k) . 3)

spectra of 400 backscattered echoes from blood. The meaar gpectrun®,.; was obtained from

a reference sample of non-aggregated RBCs at a low hentaib6fi (i.e. Rayleigh scatterers).

In this case, 400 echoes were also averaged. The backsuadfécient of this reference sample
BSC,.; was estimated using the "Rayleigh estimation” approach bgeru and Cloutie, which
theoretical value is given by Eq. (13) in Ref. 8 (three dimenal Perkus Yevick packing factor
for cylinders). This reference sample was used to compertsatbackscattered power spectrum
P,.cq for the electromechanical system response, and the depémdent diffraction and focusing

effects caused by the US beam.
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The packing factoil’, aggregate diametdp and total attenuation along the propagation path
ap were determined by matching the measufe8iC,,.. given by Eq. [B) with the theoretical
BSCipneor given by Eq. [[L). For this purpose, we searched valugd/ofD and o, minimizing
the cost function? (W, D, a)=||BSCneas — BSCineor||?. In all studied cases, the cost function
seemed to have a unique global minimum, as was observed tiinglthe cost function surface

F(W, D) with varying values ofy,. An example is given in Fig. 1.

3. Methods

3.1 Experimental set up

US measurements were performed in a Couette flow system doipea linear blood velocity
gradient at a given shear rate (see figure 1 in Ref. 11). Themysonsisted of a rotating inner
cylinder with a diameter of 160 mm surrounded by a fixed cotreznylinder of diameter 164
mm. A 60 mL blood sample was sheared in the 2 mm annular spaeede the two coaxial
cylinders. The US scanner (Vevo 770, Visualsonics, ToroG&mada) equipped with the RMV
710 probe was used in M-mode for this study. The single-efefloeused circular transducer had
a center frequency of 25 MHz, a diameter of 7.1 mm and a fogathdef 15 mm. We operated
at a sampling frequency of 250 MHz with 8 bits resolution (Esgppe, model 8500CS, Montreal,
Canada). The probe was mounted in the side wall of the fixeer aytinder and was positioned
to have its focal zone at the center of both cylinders. To ensitrasonic coupling, the hole
within the outer stationary cylinder (containing the prpies filled with a liquid agar gel based
mixture. When solidified, this gel was cut to match the cumatof the cylinder to avoid any
flow disturbance. The gel was a mixture of distilled watéf, @v/w) agar powder (A9799, Sigma
Chemical, Saint-Louis, MO),%8 (w/w) glycerol and a specific concentration of b cellulose

scattering particles (S5504 Sigmacell, Sigma Chemicaht&auis, MO) that determined the
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attenuation coefficient. Four experiments were performéd feur mixtures having Sigmacell
(SC) concentrations varying frony0to 0.75% (w/w). The 0% concentration constituted the non-

attenuating gel and the three other mixtures mimicked skamaations.

3.2 Attenuation measurements

The attenuation coefficients of the referenc#)@nd three skin-mimicking phantoms were
determined by using a standard substitution method. Twsthacers with center frequencies of 25
MHz (Vevo 770, Visualsonics, Toronto, Canada) and 20 MHz1(X-$M Panametrics, Waltham,
MA) were aligned coaxially facing each other for transmossineasurements. Transmitted signals
were recorded both with and without the agar gel sample iratmistic path. The attenuation
coefficient was then estimated using a log spectral difis@eachniqué’ For a given concentra-
tion of SC, measurements were obtained from two differemida thicknesses, and for each, four
regions were scanned for averaging purpose. Values obtaiaee 0.00A 0.002, 0.101+ 0.028,
0.208-+ 0.029 and 0.31% 0.039 dB/cm/MHz for SC concentrations of 0, 0.25, 0.50 ar7&%,
respectively. The thickness of the skin-mimicking phargepbeing fixed to 1 cm, their attenua-
tion coefficients were thus in the same range as the humangi@mml dB/MHz at 14 - 50 MHz

considering a 1 mm dermis thickné$s

3.3 Blood preparation and measurement protocol

Fresh porcine whole blood was obtained from a local slaugmese, centrifuged and the
plasma and buffy coat were removed. Two blood samples wereglepared: (i) a H6 reference
sample, which was &% hematocrit non-aggregating RBCs resuspended in saliné@u] and (ii)

a 40% hematocrit T40 test sample, which consisted of RBCs resuigakin plasma to promote
aggregation. The H6 sample was sheared at5@sd coupled with the® SC concentration agar

gel. Echoes were selected with a rectangular window of ke mm at four depths every 0.2 mm
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(i.e. with 75% overlap between windows). For each depth, the power spetthe backscattered
echoes were averaged over 400 acquisitions to pralide Then, the H6 sample was removed
and the T40 blood was introduced in the Couette device. lfitste30 s, a shear rate of 500's
was applied to disrupt RBC aggregates. The shear rate wasdhbaced to residual values of 2,
5, 10, 20 and 303 for 90 s. After that, for each shear rate, acquisitions of #dihes were
performed for 80 s. Echoes were windowed as for the H6 santpleeasame depths and their
power spectra were averaged to obtBjp.... This protocol was repeated four times with the four

agar-based phantoms.

3.4 Reference measurements with the 0% SC concentration phantom

The experiment with the%@ SC phantom was realized in order to have reference results on
packing factorsiv,., and aggregate diametefs,.; obtained from the classical SFSEThese
parameters were assumed to be true values of packing factd@ggregate diameters for all shear
rates, and will be compared in the next section with packagjors and diameters estimated by
the SFSAE and by the SFSE when skin-mimicking phantoms &e. us

It is important to emphasize the fact that the H6 referencepsa was also measured with
the 04 SC phantom. The phantom attenuation, although small witls@ptherefore affected
equivalently both spectrB,... andP,.; in Eqg. (3). The resulting measured backscatter coefficient
BSC,.; was thus not biased by attenuation. The terminology “nanation” was used for this

experiment in the following.

4. Results and discussion

Figure 2a reports results o#r,.., and D, ., for the SFSE in the case of no attenuation. Typical

results of the SFSAE minimization procedure for the différ@gar phantoms at a shear rate of 5
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s~! are given in Fig. 2b. All results ofi’, D and«, from the SFSAE are summarized in Fig.
3 for all residual shear rates. In this figure, the relativersrfor each parameter correspond to:
(W =Wier)/Wies (D — Dyeg)/Dyey @and(og — aer) /e f, With o, measured in transmissions.
More specifically,o,..; corresponds t(iz ae; = (pep + AbivodCiood), Whereay,e, is the skin-
mimicking phantom attenuation estim;ted in transmissA0d,;,.qCh004 1S the blood attenuation
taken equal to 0.022 dB/MHor all shear rates. To underline the necessity to take ictoant the
attenuation, parameterg,,,com, andD,,,..m, Were evaluated with the SFSE without attenuation-
compensation when skin-mimicking phantoms were used. W&ecaf the frequency-dependent
distortion produced by the attenuating medium, large ixedarrors can be seen in Fig. 4a for both
parameters. However, by compensating the backscatteficierfs in the SFSE with the value
measured in transmission (section 3.2), relative errofSign 4b are largely reduced to values
comparable to those estimated with the SFSAE (see Fig. 3b).

The SFSAE (Fig. 3) gave quantitatively satisfactory estesafll’, D andag with relative
errors below 2%, for shear rates between 5 and 20.sThe SFSE with attenuation-compensation
(Fig. 4b) gave estimates of.,,,, andD...,,, with relative errors below 17 for shear rates between
2 and 10 s, and below 2% for the shear rate of 20°$. However, for the SFSAE, the average
estimates for the shear rate of 2 svere less accurate (relative errors below&ar W and below
30% for o). The estimation of) was satisfactory at that shear rate (relative errors beltfid) 1
The worse results dfi’, D anda, were obtained at 30°$ for the highest attenuation.

The apparent limit of applicability of the SFSAE method foear rates of 2 and 30 s may
be explained by considering the following. At 2'sfor the frequency bandwidth considered (9
- 30 MHz), the SFSE and consequently the SFSAE seem to reaahithit of applicability for

large aggregate sizes (typically,., = 17.5 in Fig. 2a, i.e.kR = 4.8). This limit is illustrated
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by the bad fit of the SFSE model in Fig. 2a at2.sThe bad estimations of the SFSAE at 30
s~! are explained by the fact that the aggregate diameters wé&neaged to zero and attenuations
were overestimated. At this high shear rate, RBC aggrag&ipartially inhibited and the signal-
to-noise ratio (SNR) of our measurements was reduseed(dB between 20 and 30 5 for all
phantoms). The accuracy of the estimates was thus degrattethereasing attenuations, as can
be seen from the large relative errors at the highest attemuaith the SFSAE but also with the
SFSE with attenuation-compensatiofi{,,,, and D ).

To conclude, the SFSAE performed well foR < 2.7 (i.e. D = 10 at 5 s') and under the
condition that the SNR is sufficiently good (SNR28 dB corresponding to the SNR at 30 for
the 0.2%; SC). Although the SFSAE gave less accurate estimates fod 3@us !, the estimated
parameter values presented in Fig. 3a show that the SFSAE qalitatively satisfactory esti-
mates for the three SC skin-mimicking phantoms at all shet@sr since the estimateslof and

D versus shear rates had the same behavidr.asandD,..

5. Conclusions

The performance of the new SFSAE was assessed with expdaimegasurements on blood in
a Couette flow device. The accuracy of the estimates obtatedhe SFSAE was not as satisfac-
tory as those obtained with the SFSE with attenuation-coisgaeon (i.e whem priori are known
about the attenuation). Nevertheless, the SFSAE has the adhjantage to be easily applicabte
vivo because of the simultaneous estimation of the blood staigitoperties and total attenuation
(contrary to the SFSE attenuation-compensation methadling the attenuation and thickness of
the tissue intervening layers to be known). This work thusficms thein vivo applicability of
RBC aggregate size and structure estimations. Complenyesitadies are nevertheless required

to determine the validity domain of the SFSAE according fband attenuation.
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Figure captions

Figure 1. (Color online) (a) Typical aspect of the logaritbhthe cost functior’ (W, D, «y)

for a fixed value otyv,. The logarithm is shown here in order to enhance the visuztast.
This cost function has one minimum denotédl (| D*) that depends on,. (b) Typical
aspect of the functiotvg (F'(W*, D*, o)) for varying values ofy, (W* and D* being cal-

culated for eacla,). This cost function has a single minimum.

Figure 2. (Color online) (a) Backscatter coefficients foodd sheared at different resid-
ual shear rates and measured with the $C concentration phantom (no attenuation), and
corresponding fitting with the classical SFSE with no congagion for attenuation. (b)
Backscatter coefficients for blood sheared at 5and measured with each of the four phan-
toms. The corresponding fitted models are the SFSE for%h80 phantom, and the SFSAE

for the three other skin-mimicking phantoms (0.25, 0.5 an&® SC).

Figure 3. (Color online) (a) Values &F, D andag (in dB/MHz) for different residual shear
rates estimated by the classical SFSE for theSiC concentration and by the SFSAE for the

three skin-mimicking phantoms. (b) Corresponding re&agwrors.

Figure 4. (Color online) Relative errors of the packing fea@nd aggregate diameter for the
three skin-mimicking phantoms obtained with the SFSE (&) wo compensation for atten-
uation (V,,ocomp aNd D,,0comp), @nd (b) with attenuation-compensation using the attéomia
values estimated in transmissiowy,,, and D ,,,,). ParametersV,, ..., and W, and

similarly D,,ocomp and D, are compared withV,.., and D, , respectively.
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