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Forward problem study of an effective medium

model for ultrasound blood characterization

Emilie Franceschini, Bloen Metzger, and Guy Cloutier,

Abstract

The Structure Factor Model (SFM) is a scattering model aped to simulate the backscattering coefficient
(BSC) of aggregated red blood cells (RBCs). However, the $&Mhardly be implemented to estimate the structural
aggregate parameters in the framework of an inverse probvemulation. A scattering model called the Effective
Medium Theory combined with the SFM (EMTSFM) is thus prombde approximate the SFM. The EMTSFM
assumes that aggregates of RBCs can be treated as individoadgeneous scatterers, which have effective prop-
erties determined by the acoustical characteristics amtesdration of RBCs within aggregates. The EMTSFM
parameterizes the BSC by three indices: the aggregatestaitiiet concentration of RBCs within aggregates (also
named aggregate compactness) and the systemic hemalderigoodness of the approximation of the EMTSFM
in comparison with the SFM was then examined. Based on a tmestsional study, the EMTSFM was found to
approximate the SFM with relative errors less thaf3@r a product of the wavenumber times the mean aggregate
radius kr.4<1.32. The main contribution of this work is the parametéaitmaof the BSC with the RBC aggregate
compactness, which is of relevance in clinical hemorheplsigce it reflects the binding energy between RBCs.
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Forward problem study of an effective medium

model for ultrasound blood characterization

|. INTRODUCTION

Ultrasonic tissue characterization techniques using daorfrequency (rf) backscattered signals have received
broad interest for the past 25 years. One approach is to es@algnitude and frequency dependence of backscatter
echoes to quantify the tissue structures such as the simastic impedance, and concentration of the scatterers.
This approach has been successfully used for the chamstteri of the eye [1], the prostate [2], apoptotic cells
[3] and the breast [4]. Blood has also been studied by emmpipttis technique [5] [6]. In the ultrasonic blood
characterization field, the objective is to assess the lefvedd blood cell (RBC) aggregation, which is a surrogate
marker of inflammation [7]. It is well known that when RBCs aneder low shear rates<(L0 s™!), they interact
strongly with each other and form complex rouleaux or thigmensional (3D) structures. When the shear rate
increases, these rouleaux or structures desaggregateagdregation phenomenon in human blood is normal,
however hyperaggregation, an abnormal increase of RBGeggtjon, is a pathological state associated with several
circulatory diseases such as deep venous thrombosispatheosis and diabetes mellitus. The ultrasonic blood
characterization using ultrasound backscatter techniqisethe potential to provide a method for the non-invasive
estimation of the RBC aggregate size. This quantificationld/delp to elucidate the role of RBC aggregation in
the etiology of such diseases.

Ultrasound backscattering by blood is mainly due to RBC$ toastitute the vast majority (9%) of the blood
cellular content. Blood can thus be described as a biphasit domposed of RBCs immersed in plasma. Since
RBCs are acoustically considered as weak scatterers (emgedcontrast between RBCs and plasma being around
13%), multiple scattering can be neglected. However, for sisshug, it is not straightforward to develop a theoretical
scattering model because of the high density of RBCs (th®irme fraction or hematocrit varies between 30 and
50%) and their ability to form aggregates. Theoretical effétvése been made to take into account the high density
of RBCs [5] [8]-[10]. In the Rayleigh scattering regime (j.Bor a product of the wavenumber times the scatterer
radius ka<1), Twersky [9] proposed an expression of the backscattentetsity in terms of the single-particle
backscattering cross section, number density of partamelspacking factor. The packing factor is dependent on the
hematocrit but independent on the frequency. This modeterded to explain the nonlinear relationship between
the backscatter amplitude and hematocrit for non-aggiregg&BCs [11] but failed to predict the magnitude and
frequency dependence of backscatter echoes obsenmeditio experiments when considering aggregating RBCs.
That is why Savery and Cloutier [12] proposed to generalime packing factor theory for aggregating RBCs
at a low hematocrit by introducing the frequency dependémnictire factor, named the structure factor model

(SFM). This model was later generalized to a normal hemato€0% [13]. The SFM sums the contributions
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from individual RBCs and models the RBC interaction by aistiaal mechanics structure factor, which is by
definition the Fourier transform of the spatial distribatiof RBCs [12]-[14]. Note that the low frequency limit of
the structure factor is by definition the packing factor usader Rayleigh conditions, and that the structure factor
cannot analytically be calculated contrary to the packawdr [9]. The SFM was largely used to perform simulation
studies on RBC aggregation [12], [13], [15]-[17]. Simutais enabled to predict the frequency dependence of
the backscattering coefficient (BSC) from various RBC spatistributions and thus helped the interpretation of
experimental observations. However, the SFM cannot dyrdet used to estimate the RBC aggregate size in the
framework of an inverse problem approach because of thadivie computational time to assess the structure factor
by realizing distributions of aggregating RBCs with sintidas. Please note that the SFM should not be confused
with the structure factor size estimator (SFSE) recentbyppsed by Yuet al. [18] [19]. The SFSE approximates
the SFM for practical assessments of RBC structural feat(ire., in an inverse problem formulation).

In details, Yuet al. [18] [19] developed the SFSE scattering theory that appnaxés the SFM by using a
second-order Taylor expansion of the structure factor. $R8E is thus not as accurate as the SFM. The SFSE
parameterizes the BSC by two structure indices: the padicmpr and the mean aggregate diameter assumed to
be isotropic. However, experiments with pig blood in coliw flow devices [18] [19] and three-dimensional (3D)
numerical simulations of isotropic aggregates [16] shotird the two indices are correlated and follow a quadratic
relationship under the assumption of isotropic monodspaggregates, thus reducing the BSC parameterization to
one structural index. Moreover, the SFSE model did not predjood fits to the simulated BSCs computed with the
SFM (see Fig. 4 in Ref. [16]). It means that the SFSE model tssafficient to approximate the SFM accurately;
even if the relation between the simulated aggregate sizéste SFSE parameterization followed a proportional
relationship [16]. The goal of this paper was then to proppsew scattering model that better approximates the
SFM for structural RBC aggregate characterization.

The scattering theory we propose is based on an Effectiveilvted’heory (EMT) combined with the SFM,
labeled EMTSFM. The EMT was initially developed by Kusterdamoksoz [20] in the field of Geophysics.
Herein, the EMT assumes that aggregates of RBCs can bedraatendividual homogeneous scatterers, which
have effective properties determined by the concentraifoRBCs within aggregates and acoustical properties of
blood constituents. The approximation of RBC aggregatesamsogeneous effective particles is combined with
the SFM to consider the concentrated blood medium. The teféeparticle interactions were thus modeled by
a structure factor, as in [12] [13]. The EMTSFM parameteyifiee BSC by three indices: the aggregate radius,
the internal hematocrit (i.e. the concentration of RBCshimitaggregates, also named aggregate compactness) and
the systemic hematocrit. Note that the new EMTSFM model @allow characterizing for the first time in the
guantitative ultrasound field, the compactness of RBC ages (or of any other cellular structures). In the field of
clinical hemorheology, assessing the compactness of RB€eggtes is of high clinical importance since it is related
to the binding energy between cells. Normal RBC aggregaten fouleaux type structures, whereas pathologies
associated with stronger binding energies result in cluofd3BCs (close to a spherical isotropic packing).

The purpose of this study was to compare the EMTSFM and SFMénftamework of a forward problem
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study, i.e. determining the BSC from a known distributioisR8Cs with known acoustical parameters with both
EMTSFM and SFM. The goodness of the approximation of the EFMMISn comparison with the SFM was
examined as a function of the frequency and of the strucaggkegate parameters (i.e., the aggregate size and
the internal hematocrit). Because of the computational loagenerate 3D RBC distributions with various internal
hematocrits with the SFM, bidimensional (2D) models weredu®r the BSC computation. Although limitative, this
choice allowed us (1) to simulate randomly various intetrahatocrits for a given range of systemic hematocrits,

and (2) to isolate the effects of aggregate size and intéraalatocrit on the BSC.

II. ULTRASOUND BACKSCATTERING THEORY

In the following, it is assumed that the incident wavelengtis large compared to the RBC size. Consequently,
the RBC shape could be approximated by a simple geometrngaui equivalent volume of a RBC in 3D or
having an equivalent surface in 2D [21]. In the present 2IstRBCs were modeled as parallel infinite cylinders
of radiusa, that have small contrast in acoustical properties redstito the plasma (see Table 1). Two scattering

models of RBC aggregation are presented in this sectionSEé and the new EMTSFM.

A. The structure factor model (SFM)

The SFM of ultrasound backscattering by blood consists afmsing contributions from individual RBCs and
modeling the RBC interaction by a statistical mechaniascsétire factor [12] [13] [15]. By considering a collection

of N identical and weak scattering RBCs, the BSC expression eanrlten as:
BSC(—2k) = mop(—2k)S(—2k), 1)

wherek is the incident wave vector and the number density of RBCs that is related to the systemicabaenit
¢ asm = ¢/A, (where A, is the RBC area). The backscattering cross sectipof a single weak RBC can be
written as the product of the backscattering cross sectica gingle RBC in the Rayleigh limit (see Eq. (16) in

Ref [9]) and the backscatter form factér as follows:
k3A;2ﬁ§ _ k?’A;Qﬁg (J1(2ka))2

op(—2K) = F(—2k, a) =

m 27 2)
where J; is the first order Bessel function of the first kind and= (Zrec — Zpiasma)/Zpiasma iS the fractional
variation of impedance between the RBC and its suspendirdjume(i.e. the plasma). The form factér serves

as a useful descriptor of scatterer with simple shape [22] §d characterizes here the cylindrical shape and size
of the 2D RBC scatterer. The demonstration of the cylindificem factor expression in 2D is given in appendix.

The functionS' in Eqg. (1) is the structure factor representing the spataitning of RBCs and is defined by:

N 2
E e*’L‘rii
i=1

where I represents the expected value of a random variabler attte position vectors defining the center of the

S(—2k)=F % 3)

ith RBC in space. Note that the aggregation phenomenon isaff@gting the structure factor since RBC properties
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(i.e. o) and the systemic hematocrit are expected to remain cdristdine modeled region of interest.

In the case of disaggregated RBCs, the low frequency limthefstructure factor is a constant with this model
(S(k) — S(0) = W), which is the packing factor. The BSC expression can thusimglified as follows:

BSCyLp(—2K) = mWoy(—2K). 4)

The most often used packing factor expression is based oRetwis-Yevick pair-correlation function for identical,
hard and radially symmetric particles. The Percus-Yevia&king factori¥’py was first applied to blood by Shung

and coworkers, and it is related to the systemic hemataotitité 2D space as [11]

(1-9¢)°
1+¢ °

The packing factor reflects the positional correlation agsbiparticlesiV = 1 for completely random distributions

Wpy =

()

and W tends toward zero when the particle number as well as théabatrelation between particles increase.

B. The proposed model: an effective medium theory combiitadtive SFM (EMTSFM)

As a first approximation, we assume that all the RBCs are gatgd in blood, that the aggregates are identical and
isotropic and that the RBCs within the aggregates are ewdistyibuted. The EMTSFM assumes that aggregates of
RBCs can be treated as individual homogeneous scatterst®as in Fig. 1. Each aggregate is thus approximated
by an effective single particle (i.e. in this 2D study, areefive single cylinder) having a radiug,. The density
Pag and compressibilityc,, of the new effective particle are determined by considetiveg EMT [20]. It means
that p,, and k., are derived from the acoustical properties of the two fluidg tonstitute the aggregates (i,
p2, k1 and ko, where 1 indicates properties of RBCs and 2 those of plasmé)fram the internal concentration

of RBCs within the aggregates, defined as the internal hamiatg, as follows:

Pag = Oip1+ (1 —¢i)p2
6)
1 D 1 (
I S )
Rag R1 R2

The acoustic interaction of RBCs within aggregates is floeeetaken into account with the EMT, similarly to the
SFM where it is considered by the structure factor that nethed individual position of RBCs and their acoustical
interaction whether they are within an aggregate or not. Maé advantage of the EMTSFM is the consideration
of the compactness of aggregates with the paramgter

The BSC from blood is then obtained by summing contributiwos individual effective particles of radius,,
and modeling the effective particle interaction by a stiatid mechanics structure factét,,. The equivalent BSC
expression is thus given by:

BSClq(~2K) = Mag0ay(~2K)Suy(~2K), )

wherem,g is the number density of aggregates that is related to thectefé area fraction of aggregates,.

The effective area fraction of aggregates is equal to tha fieetion of RBCs in blood) divided by the internal
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hematocritp;: ¢., = ¢/¢;. The backscattering cross sectiay), of an effective single cylinder was calculated using
the fluid-filled cylinder model developed by Doolittle and érhll [23]. That model provides an exact solution for
the backscattering of sound by a single fluid cylinder, natessarily small compared to the wavelength, in a
surrounding fluid medium (i.e. the plasma). In the proposedidrd problem study, the radiug,, densityp,, and
compressibilitys,, of the aggregates as well as the dengityand compressibility:; of the plasma are known
a priori (see Table 1) such that the backscattered pressure of thetieéf fluid cylinder could be computed as a
function of frequency. The structure factSf, was calculated for a collection d¥,, identical and disaggregated
particles (mimicking RBC aggregates) of radiug randomly distributed as follows:

2
Nag

Z 67i2kr'i (8)

49 =1

Sug(—2k) = E

wherer’; are the position vectors defining the center of itieeffective particle (or aggregate) in space. Note that
in the research field of optics [24], the applicability of ttideling approach based on the structure factor (called
the interference approximation) is limited to a prodiét <3.5 (orkR <1.5, respectively) for a relative refractive
index of the particles equal to 1.19 (or 1.8), withthe radius of isotropic identical particles. Since the treéa
acoustic impedance of RBCs/z, is around 1.12 (see Table ), we are thus expecting the samitation for the
EMTSFM (i.e., a validity of this modeling approach resteidtto kr,, <3.5).

In the low frequency limit, for aggregate sizes small coneplato the wavelength, the structure fact)y, can
be well approximated by the Percus-Yevick packing factoEqf (5) for effective particles. The equivalent BSC
expression is thus simplified as follows:

(1 = ¢ag)?
Y1+ fag

whereo,, is calculated using the exact model of fluid-filled cylind§8], such that, in comparison with Eq. (7),

BSC,

€QLF(_2k) =m Gag(_zk)v (9)

the only approximation is the structure factsy,.

IIl. SIMULATION METHODS

The computation of thé&2SC and BSC,, requires the knowledge of the structure factérand.S,, as described
in Eq. (1) and Eq. (7). Since the structure factor(or equivalentlyS,,) is by definition a statistical quantity,
an average of all structure factors obtained from severdlicpa distributions can give an estimated value f
(or equivalentlyS,,). Note that 2D models were used because of the computationalto generate 3D RBC
distributions with the SFM. Although limitative, this cloa allowed us to simulate randomly various internal

hematocrits for a given range of systemic hematocrits.

A. Computation of particle distributions

1) Distribution of RBCs for the computation 6f with the SFM: We describe here how random distributions
for non-aggregating and aggregating RBCs were computeainvihe simulated surface ardz of 6002 pm?.

The RBC particle radius was set to 2.75.m for all simulations. In the case of disaggregated RBCs,iglast
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were randomly distributed (using a random number gengratith non-overlapping positions to give the desired
area fraction of RBCs in blood (i.e. the systemic hematagritin the case of aggregated RBCs, we first specified
the aggregate radius and then aggregates were randomijowtistl with non-overlapping positions to give the
desired area fraction of aggregatgs,. RBC distributions within aggregates were then generajeddmsidering

the number of RBCs within aggregates and the area fraction of RBCs within aggregadeslt is important to
emphasize that random particle distributions could belyeagsnerated using a random number generator up to an
area fraction of approximatively 0.5. In our study, the dreation of RBCs within aggregates could be enlarged,

up to a maximum value, . fixed to 0.6. The procedure we chose to reach such a high nuoiBBCs within
aggregates is described in the following.

We first randomly distributed; RBCs on a total area that was larger than the aggregate adathat the initial
area fraction of RBCs within aggregates was lower than hgnTin order to increase this area fraction, the RBCs
were submitted to an external force oriented toward theetaftmass of the RBC spatial distribution. RBCs moved
toward each other while a repulsive force prevented themn fowerlapping. These forces were maintained until
the area fraction of RBCs inside the considered aggregatheel the desired area fractign. This distribution
procedure was repeated for each aggregate such that thibulish of RBCs within each aggregate was different.
Note that this procedure is not time consuming if a small neindd RBCs is treated: herein the maximum number
of RBCs within aggregates was equal to 38 for the maximumeagge radius of 7.95-21.86m. The maximum
value of aggregate area fractign,, ., was thus fixed to 0.5 and as a consequence, the maximum valine of
systemic hematocrib,,., was limited t0:¢ma2= Pagree Pimae=0-3-

Figure 2 illustrates spatial arrangements of RBCs for thinéernal hematocrits of 40, 50 and %0 In these
simulations, the aggregate radius had a constant valug,¢t=6.32 (i.e.r,,=17.39m) and a constant systemic

hematocrit of 205.

2) Distribution of effective particles for the computatiohS,, with the EMTSFM:Once the effective particle
radius was specified, particles were randomly distributsidgia random number generator with non-overlapping
positions to give the desired area fractioy),. Several distributions were performed with different effee particle

radii varying from 3.16 (=8.69 um) to 7.9% (=21.86m) corresponding to different studied aggregate sizes.

B. BSC computation

For each distribution of RBCs (or effective particles, sjvely), density matrice® (or D,,) were computed
by dividing the square simulation plade in Nﬁ pixels (herein,N,=512) and by counting the number of RBCs
(or the number of effective particles) falling into eachgdiXThese matrices represented samplings of microscopic

density functions defined by

D(r) = Zf;l o(r —r;), for the BSC computation with the SFM

(10)
Dy, (r') = Zf&f o(r" —rl), for the BSC., computation with the proposed EMTSFM
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whereN is the number of RBCs in bloody,, the number of aggregates andhe Dirac distribution. According

to equations (3) and (8) and as explicitly described in Agipeof [14], the structure factors can thus be described
by:
S(—2k) = E {% UD(r)e‘iQ"rdr]z} and

1 yo—izkt | (11)
Sua(=2K) = B | 5| [ Daglr')e= 2 ar'|" .

Each structure factor was thus computed by averaging 20-agier transforms (2D FFT) of 400 density matrices
for averaging purpose. The FFTs gave the structure factoess(—2k) and S,,(—2k) on a centered grid of
wavevectors betweestm N, /2L with a step ofAk = 7/L. For the SFM, theBSC was thus obtained using Eq.
(1). For the EMTSFM, theBSC,, was computed using Eq. (7).

IV. RESULTS

In the following, the relative errors foBSC,., computed with the new EMTSFM were evaluated &5(C.,-
BSC)IBSC,,, where theBSC of the SFM is assumed as the exact solution.

A. Influence of the internal hematocrit

A key feature of the new simulation method was the possjtititsimulate randomly various internal hematocrits
corresponding to different compactness of aggregatequerey-dependent backscattering coefficients with differ
internal hematocrits from 30 to 6D are given in Fig. 3(a) and (b) at systemic hematocrits of 1d 20% over a
large frequency range (4 MHz - 100 MHz). Corresponding redagrrors for theBSC., are given in Fig. 3(c) and
(d). It was assumed that the aggregates had a constant Gidips/a=6.32 (i.e.r,,=17.39um). Note that for the
20% systemic hematocrit, internal hematocrits smaller thaf# 406uld not be computed because the corresponding
area fractions of aggregates were too high; > 0.5. As seen on figures 3(a) and (b), as the internal hematocrit
¢; increases, thé&SC amplitude increases at low frequencie2@ MHz) and decreases at high frequencieg§
MHz). The first peaks of thé3SC are between 18.0 and 20.6 MHz for all simulated conditiore fielative error
for BSC,, was less than 3@ for frequencies below 18 MHz (see figures 3(c) and (d)). TlsMHz frequency
corresponds to a produgt,,=1.27. More generally, at frequencies less than 23 MHz, &eatkering coefficients
obtained with the SFM and the EMTSFM have the same behawiwestirst peaks of3SC' and BSC., occur at
the same frequencies and the magnitude of 8’ and BSC,, increase when the internal hematocrit becomes
higher.

A quantitative ultrasonic parameter that has often beed tmetissue characterization is the spectral slope (SS).
The SS is the linear slope of the BSC as a function of frequemcs log-log scale. The variation of SS with the
internal hematocrit is given in Fig. 4 for systemic hemaitscof 10 and 2@;. The solid lines represent the SSs
for the BSC computed with the SFM and the dashed lines the SSs foBti€,., computed with the EMTSFM.
For both SFM and EMTSFM, the SS behavior versus the interealdtocrit is the same: the SS decreases with
the increase of the internal hematocrit, except for the gonditionp=20%, ¢;=40%. Note also that the SS of the
EMTSFM slightly underestimated the SS of the SFM with a maximdifference of 0.23.

December 22, 2011 DRAFT



B. Influence of the aggregate size

Figure 5 shows backscattering coefficients as a functionreduency for different aggregate sizes and for
systemic hematocrits of 10, 20 and%0In these simulations, the internal hematocrit was the dsghy;=60%.
The symbols represent ti@SC' computation for the disaggregated casg, (a=1) and for aggregated cases with
radii of r,,/a=3.16, 5.0 and 7.07. Also given are the corresponds’., computed with the EMTSFM (see Eq.
(7)) in dashed lines. For frequencies less than 20 MHz, thgliardes of bothBSC and BSC., increase with
the size of aggregates. Moreover, the peaks of E#f" and BSC,, occur at lower frequencies as the aggregate
radius increases.

The low frequency approximation of the EMTSFM (i.e. using ercus-Yevick packing factor) was also studied
for the same configurations. THeSC,,, . computed by Eq. (9) are given in Figure 6, along with plotshef 8SC
computed with the SFM. As expected, the errorB%$C,,, ..
The error betweeBSC,

€qLF

interesting to observe that at low frequencies less than & Ml amplitude of thé3SC.,, .. matches very well

is larger than the error faBSC,, at high frequencies.

and BSC becomes larger as the systemic hematagiitcreases. Nevertheless, it is

the exactBSC, as expected.

For systemic hematocrits of 10, 20 and’%30the relative errors foBSC., and BSC. were studied for a

qLF
constant value of the internal hematoejtE60% and for eleven sizes,,/a varying from 3.16 to 7.95 with a step
of around 0.5. For each case, the frequency lifpiand the corresponding produktr,, for which the relative
error was less than 30 were determined. Results are summarized in Fig. 7. The Bpogd are for the EMTSFM
and the dashed lines for the low frequency approximatiomefEMTSFM using the Percus-Yevick packing factor.
It reveals that the EMTSFM gives accurate estimates of BS®@ kn,, <1.32 on average (i.e. for all the tested
values ofr,,/a), whereas the EMTSFM at low frequency is only accurate wagjroximatelykr,, <0.73.

Figure 8 shows the influence of the aggregate size on the Sdifferent systemic hematocrits. The solid lines
represent the SSs for theSC' computed with the SFM and the dashed lines the SSs foBthe',, computed
with the EMTSFM. The results of SS presented in Figure 8 shidtivat the backscattered power by disaggregated
RBCs (,4/a=1) increased with the third power of wave frequency (SSa3)t was expected by the Rayleigh
theory in 2D. The SS behavior with the aggregate size is theedar both SFM and EMTSFM: as the aggregate
size increases, the SS decreases=di)’%, whereas the SS increasesa0% and 3¥%. The maximum differences

between slopes of the EMTSFM and slopes of the SFM is aroB&Ifor all studied hematocrits (i.e. relative error

for the SS ofBSC,, around %) and it corresponds to the largest aggregate size.

V. DISCUSSION
A. Limitation of the EMTSFM with respect to-,,

Based on the new EMTSFM theory, the BSC from aggregated RB&s parameterized by three indices: the
aggregate size, internal hematocrit and systemic hemgatdtie aim of our study was to estimate the goodness
of the approximation of the EMTSFM in comparison with the SRMe found that the EMTSFM had a relative

error less than 3@ for a mean produckr,, <1.32 at all internal hematocrits and systemic hematoctitdied.
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Although the EMTSFM gave estimates with large errorskeg, > 1.32, the EMTSFM fitted very well the BSC
curve computed with the SFM for all tested factors (i:g,, ¢; and ¢) in the frequency bandwidth between 4
MHz and the frequency position of the first peak. This ressilguialitatively consistent with works in optics [24]
where the limits of applicability of the interference apyroation based on the structure factor were found for a
volume fraction of particles smaller than %0and for a produckR <3.5 (or kR <1.5, respectively) when the
relative refractive index of the particles is 1.19 (or 1.8Bhese limits were determined by comparing theoretical
predictions of the interference approximation with theiceg predictions of a much more exact quasi-crystalline
approximation and with experimental data of a polystyretex suspension in water. In comparison with our results
in acoustics where the relative acoustic impedance of th€RRB around 1.12, the limit of applicability of the
proposed EMTSFM in terms of particle size is surprisinglysel to the optic limitt R <1.5, when one considers
a large relative refractive index of 1.8. In terms of padicbncentration, the EMTSFM showed no limitation with
respect to the studied hematocrit (up to%30 contrary to the interference approximation valid up tocume
fraction of 10%.

B. Variation of the spectral slope wityy; and withr,

On the goodness of the EMTSFM modeling the SS, notice thavdhiations of SS withp; andr,, followed
similar trends for both SFM and EMTSFM (figures 4 and 8). Theo8the EMTSFM slightly underestimated the
SS of the SFM with a maximum relative error df9As it can be observed in Fig. 8, as the aggregate size irenteas
the difference between slopes of the EMTSFM and SFM incrkdsés due to the constant frequency bandwidth
chosen between 5 and 15 MHz for all studied aggregate sizdsetl, in the frequency bandwidth between 4 MHz
and the frequency position of the first peak, the relativerefor the BSC,, increased with the frequency as it
was shown in figures 3(c) and (d). Since the relative error less than 3% for a mean produckr,, <1.32, the
mean relative error in the frequency bandwidth 5-15 MHz feg $mallest aggregates was smaller that the relative
error for the largest aggregates in the same frequency hdtidw

Contrary to blood modeling, the ultrasound charactedratf tissues such as the breast [4] or the liver [25]
assumes scatterers to be randomly distributed at a low nuddsity. Tissue models are generally based on 3D
spatial autocorrelation functions describing the shapkisotropic random distribution of scatterers in the medium
and modeling of the spatial autocorrelation function cooddgaussian, spherical or exponential [22] [25]. Based
on these models, the SS is an indicator of the scatterer aimka decrease in slope usually corresponds to an
increase in scatterer size [25]. That is why it is interestim discuss the variation of the SS with the aggregate size
in the framework of the SFM or EMTSFM that considers the stresfactor (see Fig. 8). For the lowest systemic
hematocrit of 16, the SS decreased with the increase in aggregate size. Bimdeematocrit is low, the known
behavior of the SS was observed. However, the SS increashdivei aggregate size for systemic hematocrits of
20 and 30%. The structure factor, which models the spectral behavidh® scatterer spatial distributions, caused
this behavior of the SS. Indeed, according to Eq. (1) (or EY,. espectively), theBSC frequency dependence

(or the BSC,, frequency dependence) is determined by the frequency depeas ob, and S (or 0,4 and.Sg,).
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To illustrate this, the structure factofs and S,, corresponding, respectively, to the SFM and the EMTSFM are
displayed in Fig. 9 for a fixed systemic hematogrit30%, a fixed internal hematocrit;=60% and three aggregate
radii r,,/a=3.16, 5.0 and 7.07. The plot ¢f is represented in a larger frequency bandwidth up to 320 MHz i
order to show the high-frequency oscillations of the sutetfactor around 1. In the frequency bandwidth 5-15
MHz, the frequency dependence of the structure factbend S,, do not follow a simple power law, since the
structure factorsS' and S, versus frequency on a log-log scale are non-linear curvas. €@uld observe that, in
the frequency bandwidth 5-15 MHz, both the structure facsband.S,, increase with the frequency, and the larger
is the aggregate size the larger is the increase. That is hdns8 for bothBSC and BSC., increased above 3
with the aggregate size for this studied systemic hematotB80%. The increase of SS with the aggregate size we
observed in the current study is consistent with an earlim@merical simulation study performed by Fontaine
and Cloutier [17]. In this 2D study, the SS between 5-25 MHaldancrease from 3.1 to 3.3 when the level of
aggregation increased for an hematocrit ofi4Moreover,in vitro Couette flow experiments performed in [18]
showed the SS superior to 4 between 9 and 15 MHz for shear o&2snd 10 s' at a systemic hematocrit of
40 % (see figure 4b in Ref [18]).

It is important to notice that we found that the SS decreasef] ancreased for all studied systemic hematocrits.
On the other hand, the behavior of the SS as a function of theeggte size depended on the systemic hematocrit.
As a consequence, the parameter SS seems well adapted tweohsehange in the internal hematocrit. But in
experimental conditions where effects of aggregate siddraarnal hematocrit are mixed, the SS cannot be a useful

index for blood characterization.

C. Computation of RBC distributions

The method we proposed here to obtain the RBC spatial disiwib did not take into consideration realistic
interactions between RBCs. It was a simple and fast methogetwerate samples containing non-overlapping,
identical and isotropic aggregates. The main advantagki®fethod was the possibility to have various internal
hematocrits with the same size of aggregates. The simnlegsults showed that the frequency position of the BSC
first peak was very little affected by changes in the intehmhatocrit whereas it was greatly affected by changes
in the aggregate size. Indeed, the change in frequencyigrosias only 1.5 MHz (and respectively 2.1 MHz) for
the hematocrit of 1% (and 20%) when the internal hematocrit increased from 30 t§c6Moreover, theoretical
predictions of the BSC with the SFM showed that its amplitindeeased as,, and¢; increase (see figures 3 and
5). To our knowledge, the influence of the internal hematacrithe BSC was not studied previously, mainly because
of simulation methods used to realize distributions of aggting RBCs. These methods were based on particle
dynamics or statistical mechanics [12] [13] [15]-[17] aredithe objective to mimic the rheological behavior of
blood. The RBC distributions obtained showed aggregatés anisotropic shape [12] [13] [15] [17] [26] and/or
a polydispersity in terms of aggregate sizes, aggregateeshand/or internal hematocrits [12] [13] [15]-[17]. As
mentioned earlier, contrary to those earlier studies, esilulation method we proposed for distributing RBCs

allowed isolation of the effects of the aggregate size amerial hematocrit, and to better understand the role of
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each parameter. In that sense, our study has provided saights into the influence of the aggregate size and
internal hematocrit on the BSC frequency dependence. Tieenml hematocrit as well as the aggregate size can
greatly influence the BSC amplitude. The frequency positibiihe BSC first peak was found not to be significantly

affected by changes in the internal hematocrit whereas st gvaatly affected by changes in the aggregate size.

D. On the use of the EMTSFM in vivo

Although the present work allowed a fundamental study orirtieences of the internal hematocrit and aggregate
size on the BSC, the method we chose to distribute particksslimited to area fractions of aggregateg < 0.5,
area fraction of RBCs within aggregates < 0.6 and systemic hematocrits < 0.3. One might thus question the
use of the EMTSFM foiin vivo experiments with a physiological hematoctitypically varying between 0.3 and
0.5. It is important to recall that the only intensive congiittn with the proposed EMTSFM is the structure factor
Sag Needing the computation of effective particle distribogolf one considers the application of the EMTSFM
in vivo, 3D effective particle distributions must be consideredvali as the range of typical volume fractions. For
example, the volume fraction of RBCs within aggregatesnay physiologically be larger than B0since RBCs
are deformable. By considering a systemic hematocrit 6t 4and 20%, respectively) and extrema values @f
between 60 and 90, the volume fraction of aggregates, would then vary between 44 and %6(between 22
and 33%). For future simulations, particle distributions in 3D ¢ue easily generated using a random number
generator up to a volume fraction of approximatively 0.3nkans that the method used to compute Bt&’., in
this paper may easily be applied in 3D up to a volume fractiosf 20%. For such low volume fractions of cells,
one could envisage to use the EMTSFM for other biomedicaliegns such as cancer [4] [27], where the cells
can be locally densely packed (see for example Figure 5 in [d]lthe case of blood applications, in order to deal
with a physiological hematocrit of 490 and a maximum volume fraction of aggregates ofil6®ne may envisage
distributing particles in a random close packing configoratvhere the attainable volume fraction could be up to
64% [28].

On the use of the EMTSFNh vivo, one can also question the practical value of that modelnaisspisotropic
aggregates. In human blood, low shear rates can promotethmfion of RBC aggregates having anisotropic (i.e.
rouleaux) or isotropic (i.e. clump) structures. The roubedike pattern is typically associated to normal blood.
However, as the binding energy between RBCs increases mildnimation [29], aggregates form clump structures
such as in diabetes mellitus [30] [31]. The assumption dirigric aggregates in the EMTSFM is thus valid as far
as we are concerned with the study of pathological statethdrcase of normal human rouleaux of RBCs, if the
EMTSFM is applied to estimate structural parameters sucthesnternal hematocrit and the aggregate size, this

assumption would obviously create a bias against the pdearastimation.

Another important aspect to consider is the assumption éiftidal aggregates in the current EMTSFM imple-

mentation. Undein vivo conditions with ultrasound measurements on a blood vesselshear rate distribution
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varies with the radial position, and consequently, the egate size distribution too. That is why the backscattered
echoes from blood are generally analyzed over a rectangular hamming window which is moved along the
RF signal to examine the whole vessel at different depth$ [38]. For example, at a central frequency of 25
MHz, the window length was typically around 4Q0n [19] [32] [33]. RBC aggregates may thus be assumed to
be locally identical. However, one may also expect that thgregate size varies around a mean value for a given
radial position within a blood vessel. An interesting siatidn study was recently performed in 2D by Viatal.
[34]. According to this paper, the increase in particle siagance (or equivalently, in aggregate size variance) is
expected to increase the BSC amplitude and not to significaffect the frequency position of the BSC first peak
(see figure 2 in Ref. [34]). One could thus predict the biasrejahe parameter estimation with the EMTSFM if
there is a variance in aggregate sizes. The discussion nesiders small and large aggregates with respect to the
observation of Vlacet al. [34].

In the case of small aggregates, the BSC first peak occurglafit@iquencies and is thus generally not captured in
the measured frequency bandwidth of the transducer (tjypitam 12 MHz to 38 MHz for a 108; bandwidth at 25
MHz). Readers may refer to Fig. 4b of Ref. [18] and to Fig. 3 ef.R19] to see measured BSCs from aggregating
porcine RBCs in a controlled Couette flow. Because of theipted increase in BSC amplitude with the increase in
particle size variance [34], the assumption of identicgragates in the current study may result in overestimations
of the aggregate size and/or of the internal hematocrit.@nother hand, in the case of large aggregates, the BSC
first peak occurs at low frequencies and would likely be witiie measured frequency bandwidth of the transducer.
In this case, the assumption of identical aggregates maygmeattly affect the aggregate size estimation but may
result in an overestimation of the internal hematocrit. EMTSFM is thus expected to better estimate the size
of large aggregates and the estimation of the internal hmerintmay be overestimated in the case of polydisperse

aggregates, whatever their dimensions.

VI. CONCLUSION

The SFM is recognized to be a good model to simulate the BS@ éggregated RBCs. However, it cannot directly
be applied to estimate the structural aggregate paramietére framework of an inverse problem formulation. The
EMTSFM was thus proposed to approximate the SFM and the gmsdaf the EMTSFM in comparison with
the SFM was examined. Contrary to the SFM, the EMTSFM can lpteimented to estimate structural aggregate
parameters.

The EMTSFM parameterizes the BSC by three indices: the ggtgesize, the internal hematocrit (or aggregate
compactness) and the systemic hematocrit. In comparistintine SFM, the EMTSFM provided accurate quanti-
tative estimates of the BSC fdr,, < 1.32 for studied conditions. Moreover, evenkf,,>1.32, the EMTSFM
provided a good approximation of the BSC: indeed, the BSCliomp was well approximated in the frequency
bandwidth between 4 MHz and the frequency position of thé fiesk, and the high-frequency positions of peaks
were well identified.

Another important finding was the variation of the SS withand r,,. The SSs for botBSC and BSC.,,
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computed with the SFM and EMTSFM followed the same trendsaoftions with¢; andr,,. We found that the SS
decreased as the internal hematocrit increased for allestigystemic hematocrits. On the other hand, the behavior
of the SS as a function of the aggregate size depended on skensg hematocrit. For the largest hematocrits (20
and 30%), the SS increased as the aggregate size increased. Centliggthe SS cannot be a useful index for
blood characterization of RBC aggregation.

To conclude, the EMTSFM approximates the SFM satisfagtdat a productkr,, < 1.32. This suggests that
the EMTSFM is an adequate model for blood characterizattanimportant contribution of this new model is
the parameterization of the BSC with the aggregate compastrwhich is a structural parameter not available in
any other modeling strategies proposed in quantitativesdund imaging. In future, it would be interesting to
study two other important factors: 1) the polydispersityténms of aggregate sizes and internal hematocrits and
2) the non-sphericity of the aggregates. Another imporsamdy would be the estimation of structural aggregate
parameters with the EMTSFM that could be compared to exjstiethods such as the SFSE [16] [18] [19] and

the traditional gaussian model developed by Lizzi [6] [25].

APPENDIX

The form factor is generally given in 3D [21] [22]. That is whye demonstration to obtain the 2D form factor
of a fluid infinite cylinder of radius: is given here. In the Born approximation (i.e. for weak sty conditions),

the form factor has a simple expression that is related tosfiatial Fourier spectrum of the impedance contrast

(see Eg. (5) in Ref [21] for the form factor expression in 3D):
2
F(—-2k,a) =

2ikr ;2
= —— ~.(r)e=""d=r
A2y? /Ap :

We can introduce cylindrical coordinates to obtain thedi@lhg expression:

/ / 7Z€2ikrcos(9)rdrd9
0 -

2
2mrJo(2kr)dr
=

- ()

- (fy’

where Jy is the Bessel function of the first kind of order 0.

(12)

2
F(—2k,a) =

1
A2y2
1

(13)
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TABLE CAPTION

Table I: Acoustical properties of blood found in [11] and [21

TABLE |
Density Compressibility  Impedance
p (kg.m—3) K (Pat) Z (MRayl)
RBC 1092 3.41x 10710 1.766
Plasma 1021 4.0% 10710 1.580
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FIGURE CAPTIONS

Figure 1. Schematic representation of aggregates treat@uavidual scatterers. The aggregates of RBCs in
blood (left side) are assumed to be homogeneous partidtgg gide) with effective properties that depends
on the internal hematocrit, and density and compressitofithe RBCs within them.

Figure 2. Distributions of aggregated RBCs for a constamjregated radius,,=6.32¢=17.32 pm and a
constant systemic hematoctit= 20% at three internal hematocrits: &)=40%, b) ¢;=50% and c)¢;=60%.
The displayed areas are 3@@» by 300 um in order to enhance the RBC visualization.

Figure 3. (a) and (b): Dependence of the backscatterindiciegits on the internal hematocrit: (&),/a=6.32
and ¢=10%, and (b)r.,/a=6.32 and$p=20%. The symbols represent thi8SC computation with the SFM
and the dashed lines thBSC,, computation with the EMTSFM. (c) and (d): Correspondingitigk errors
for the BSC,, versus frequency.

Figure 4. Spectral slope in the frequency bandwidth 5 - 15 Midza function of the internal hematocrit
at different systemic hematocrits, the aggregate sizegbfixed (,,/2=6.32). The solid lines represent the
SSs for theBSC computed with the SFM and the dashed lines the SSs foBtl€., computed with the
EMTSFM.

Figure 5. Dependence of the backscattering coefficientglifégrent aggregate sizes and a constant internal
hematocrity;=60% at systemic hematocrits of 10, 20 and’@0The symbols represent tH&SC' computation
with the SFM and the dashed lines th&C., computation with the EMTSFM.

Figure 6. Dependence of the backscattering coefficientgliféerent aggregate sizes and a constant internal
hematocrity;=60% at systemic hematocrits of 10, 20 and’@0The symbols represent tHg&SC' computation
with the SFM and the dashed lines th&5C,

€qLF

computation with the EMTSFM using the Percus-Yevick
approximation.

Figure 7. (a) Frequency limif; for which the relative error oBSC,, was inferior to 30 as a function of
the aggregate size studied. The solid lines are for the ENMTSRd the dashed lines for the low frequency
approximation of the EMTSFM. (b) Corresponding prodkgt,,.

Figure 8. Spectral slope in the frequency bandwidth 5 - 15 Mbkla function of the aggregate size at different
systemic hematocrits, the internal hematocrit being fixed§0% for aggregated RBCs). The solid lines
represent the SSs for tH&SC computed with the SFM and the dashed lines the SSs foBi$¥€., computed
with the EMTSFM.

Figure 9. (a) Structure factorS versus frequency used in the computation of the SFM for a feyelemic
hematocritp=30%, a fixed internal hematocrit;=60% and three aggregate radij,/a=3.16, 5.0 and 7.07.
(b) Structure factorss,,, versus frequency used in the computation of the EMTSFM fersime aggregating

conditions.
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