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The frequency dependence of the ultrasound signal backscattered by blood in shear flow was studied
using a simulation model. The ultrasound backscattered signal was computed with a linear model
that considers the characteristics of the ultrasound system and tissue acoustic properties. The tissue
scattering properties were related to the position and shape of the red bloo¢Rixls. A 2D
microrheological model simulated the RBC dynamics in a Couette shear flow system. This iterative
model, described earli¢Biophys. J.82, 1696—-17102002], integrates the hydrodynamic effect of

the flow, as well as adhesive and repulsive forces between RBCs. RBC aggregation was simulated
at 40% hematocrit and shear rates of 0.05—2 $he RBC aggregate sizes ranged, on average, from

3.3 RBCs at 2 §* to 33.5 cells at 0.05¢. The ultrasound backscattered power was studied at
frequencies between 5-120 MHz and insonification angles between 0—180°. At frequencies below
approximately 30 MHz, the ultrasound backscattered power increased as the shear rate was
decreased and the size of the aggregates was raised. A totally different scattering behavior was noted
above 30 MHz. Typical spectral slopes of the backscattered p@ogrlog scale between 5-25

MHz equaled 3.8, whereas slopes down to 0.6 were measured at &, @&sveen 40—60 MHz. The
ultrasound backscattered power was shown to be angle dependent at low freq(r2EedH2).

The anisotropy persisted at high frequencies25 MHz) for small aggregatesat 2 s1). In
conclusion, this study sheds some light on the blood backscattering behavior with an emphasis on
the non-Rayleigh regime. Additional experimental studies may be necessary to validate the
simulation results, and to fully understand the relation between the ultrasound backscattered power,
level of RBC aggregation, shear rate, frequency, and insonification angle2008 Acoustical
Society of America.[DOI: 10.1121/1.1564606

PACS numbers: 43.80.Cs, 43.80.Jz, 43.8Q /D]

I. INTRODUCTION Within the last 25 years, several studies have aimed at

The backscattering of an acoustic wave by a linear bio_elgcidating the backscattering of ultrasound by blood. Ray-
logical tissue is governed by the size of the tissue micro/€igh scattering was observed, between 3.5 and 12.5 MHz,

structure with respect to the acoustic wavelength, and by thfor suspensions of nonaggregating red blood c&RBCs
acoustical impedance mismatches produced by the tissue iMcashed and resuspended in a saline solution to eliminate the
homogeneities. Weakly scattering particles much smallePlasma proteins responsible for the aggregatiofhe spec-
than the wavelength are referred to as Rayleigh scattererdal slope of the backscattering coefficient for a suspension of
The power backscattered by randomly distributed Rayleigfionaggregating bovine RBCs was 3.95, when corrected for
scatterers is known to increase with the fourth power of thedttenuation(a slope of 4.0 was theoretically expecteth
incident wave frequency. In contrast, scattering by reflector§ontrast, the frequency dependence of porcine whole blood
of dimension much larger than the wavelength is generally@t & low shear rate was lower in the same range of frequen-
frequency independent. Intermediate sizes of biological scagies, presumably because of the presence of RBC
terers from various tissues were shown to be characterizedgregates(shear rates belows1 s™* promote the aggrega-

by a wide range of frequency dependendé) to 45 tion of RBCs, and RBC aggregates may still exist up=te0
approximately.!=® Even greater dependencigap to f°) s! and even higher shear rates under pathological
were predicted for densely packed scattefdfer small par-  conditions).
ticles with respect to the wavelength, the deviation from the At higher frequencieg22—-37 MH2, a mean spectral
Rayleigh scattering theoryff) can be explained by the ex- slope around 1.0not corrected for the frequency-dependent
istence of organized patterns diminishing the randomness iattenuation was measured for normal human whole blood
the positioning of the biological scattering cells. flowing at a low shear rateAt these frequencies, the spec-

tral slope for suspensions of nonaggregating RBCs differed
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Inc., Montral, Canada. spectral slopes¢l.3—1.4, attenuation compensated those
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35-65 MHz, for normal human blood circulating in a flow ROI y
phantonf Fosteret al® measured an attenuation compen-

sated spectral slope as low as 0.4, between 40—60 MHz, for L
normal human blood sheared in a Couette flow at 0,76 s X
In the above studies!~° the hematocrit was in the normal

physiological range (between 35%-45% Hematocrit

changes well beyond normal physiological values can affect

the spectral slope of the backscattering coefficieBther

factors such as the temperature, flow shearing condition, and

plasma protein contents must be known if one attempts to ()

systematically compare the spectral slope of the backscatter-

ing coefficient from blood.

Particles of the size of an RBC can be considered Ray- V=V ROI

leigh scatterers when insonified by a plane wave at frequen- o ®_ ® O
cies below 30 MHz, approximately.However, backscatter- g .o:l'. ' ¢ 0‘0
ing by blood cannot simply be described by considering e _ o '. 3
independently distributed finite scatterers. Blood is charac- *’:0 "P 00"
terized by a high number density of RBCs that are subjected o 0 %g e ‘.
to various levels of aggregation under flowing condition. As ° °.0 %o P

a consequence, this implies various structural arrangements Yy V=0 0 o ¥ .‘.‘_J

of RBCs, and thus various patterns of acoustic interference

between the different scattered echoes. According to recent

modelst®~'2the frequency dependence of the backscattered
. ' o (b)

signal from blood depends not only on the scatterers’ size,

but also on their spatial arrangement. Sgvand Cloutiet? FIG. 1. (a) Top view of the two coaxial cylinders composing the Couette

developed an analytical backscattering model based on tHew system. The region of interesROI) is located in the small gap be-

_ ; [ tween the two cylinders. The& axis refers to the direction of the flow
Neyman-—Scott random point process, predlctlng the freparallel to the cylinders, and theaxis refers to the radial direction between

quency dependence of aggregating particles at a low hemae cylinders.(b) Magnification of the ROI and illustration of the velocity
ocrit (<5%). The purpose of the present study is to extendprofile, assuming a constant shear rate in the ROI.

these results to a normal physiological hematocrit by consid-
ering the Shearing effect of the flow on the RBC Spatial Or-g Gaussian enve|0pe modulated by a cosine function

ganization.
—1(x*> vy 47ty
T(x,y)—ex;{ 5 (l/fi + z/;f, cos( c
where ¢, and ¢, are the standard deviations of the 2D
As performed earliet’ RBC aggregates can be viewed Gaussian function representing the beamwidth and the band-
as large distinct scatterers containing numerous cells. Howwidth of the transmitted waves. They were kept constant to
ever, a more effective way to model the backscattering propg, =0.43 mm andy,=0.03 mm for all frequencies studied.
erties is to consider individual RBCs, identical in shape,The selected value af, corresponds to a bandwidth of ap-
whose positions vary in space with the hematocrit and theyroximately 10 MHz at-3 dB. The parametdtin Eq. (2) is
level of aggregation. This approach was recently adopted tehe ultrasonic frequency arwis the speed of sound in blood
study the effect of the shear rate and anisotropy on ultrat1570 m/3.
sound backscattering by aggregating RBCs at 10 MHzhe The functionC in Eq. (1) was defined as the 2D projec-
backscattered signal was predicted by considering the ultraion of a 5.5um-diameter spher¢Eq. (11) of Fontaine
sonic transducer properties, the backscattering cross sectief al14]. The functionN was obtained from 2D dynamical
of a single cell, and the spatial arrangement of RBCs. simulations of the RBC aggregation process in a shear
The simulation model used in the present study is deflow.* It consists of an iterative microrheological model that
scribed in detail elsewheré. In summary, the radio- considers the effect of the adhesive and repulsive forces be-
frequency(rf) signal backscattered by blood was modeled intween RBCs, and the hydrodynamic effect of the flow shear

2

, 2

IIl. METHODS

two dimensions by the following equation: rate on the positioning of the cells. The motion of the par-
52 ticles resulting from the flow was between two coaxial cyl-
rf(x,y)= FT(x,y)®C(x,y)®N(x,y), (1) inders (Couette flow—see Fig.)1 where the shear rate is

y maintained constant for a given relative rotational speed of

wherey is the direction of propagation of the ultrasonic one of the two cylinders. Shear rates varying between 0.05
waves perpendicular to the flow direction T(x,y) is the and 2 §! were modeled. Different levels of aggregation
ultrasound system transfer functio@(x,y) represents the were obtained by modifying the balance of forces acting on
spatial inhomogeneity due to a single RBC, axk,y) is  RBCs under physiological conditiorf@dhesion due to ad-
the microscopic density function describing the RBC posi-sorption or depletion of plasma macromolecules between
tioning. The transducer transfer functiGh) was modeled as neighboring RBCs, repulsion due to steric and electrostatic
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TABLE |. Effect of the shear rate on the mean numbers of RBCs per 0.05s!
aggregate, and on the slopes of the frequency dependence of the ultrasoury [t%g*  fsfsie :-‘,‘ PG
backscattered power between 5-25 MHz and 40-60 MHz (mesudls, -4% R k{-

n=8). The spectral slopes were obtained for an insonification angle of 90° g

ith r he flow. o
with respect to the flow. PR Lttt s

Shear rate Number of RBCs Spectral slope Spectral slope ’.&"
-1
(s per aggregate (5-25 MHz) (40-60 MHz) r...'#;. atths,
0.05 33.512.4] 2 3.3+03 0.6+x1.17* & o 3’;%
0.1 23.0+2.247a 3.3+02 0.911.0] 2 *
0.3 11.9%0.2 ] a 34%0.1 3410 ] w'-"ob %\Q Y. AN
b P b O R L A
2 33%0.1: _-] 3.1+02 3.6+07 114 ‘s- w .f‘ Wy ste ’%...
o * 21} . %,
& ® * ,.o * *
'p<0.001, f _%.,.{,'; é.{ !f- Y'a .,m,;& *.-v‘
£ m A

*ele
3 % 1) u:. q\’
forces, and the effect of the flowIn the present study, the 3 B "'”{', % £
simulated conditions are limited to the intermediate level of |s¥ o ATl 4

Voo oh
. . . . . .. ....‘LC
aggregation described by Fontaieeall* All simulations 2wt e 2.
were performed in an area of 300 by 3@t at a hematocrit 0.3s
of 40%’ Wh'Ch gives apprommat_ely 1500 partl_cles In theFIG. 2. Simulation results of RBC aggregation at 40% hematocrit for shear
region of interest{ROI). At each time step considered, the rates of 0.05, 0.1, 0.3, and 2% The simulated areas are 300 by 30,
vector displacements resulting from each fofeelhesion, and the zoomed areas represent a dimension of 200 by.20@Each panel
repulsion, and flowwere summed for every RBC included was obtained at the steady stat_e of aggregation of the |ter_at|v§ microrheo-
. . . logical model. Thex andy coordinates correspond to the direction of the
between the two coaxial Cyhnders' Once the d|Splacement§)w and of the radial direction between the cylinders of the Couette flow
were computed for all particles, they were moved for thesystem, respectively.

next iteration. Starting with randomly positioned nonaggre-

gated particles at the first iteration, the process was contin-  To allow the study of the anisotropy of the backscattered
ued until the size of the aggregates reached a steady stai@wer, the rf signal was modeled at various angles of insoni-
(stable aggregate size—see Fig. 5 of Fontainal ). fication by doing a rotation of the transducer transfer func-
The backscattered power was computed from the 2Qjon. As performed earlief** the x—y plane was mapped
spectrum of the rf images obtained by Ef). The spectrum  onto thep—q plane. The function characterizing the trans-
of the rf image was evaluated from the central porti@66  ducer was computed on the rotated axes. The following

by 256 um) of the simulated ROI to avoid errors from the equations were used to transform tkey plane onto the
edges(the boundaries could promote the formation of arti-p—q plane:

factual aggregate structujesThe backscattered power .
(POW) was determined for the steady state of aggregation by {p :( sing COS&) X

1 q y
POW= M_sz f2 ; (3)  whered represents the angle of rotation of the axes. Thus, 0°
x Ty

and 90° correspond, respectively, to a direction of insonifi-
whereMg is the number of samples in the frequency domaincation parallel and perpendicular to the flow

(fx.fy). For a given simulation, the spectra of five functions .
N (i.e. T(N)), taken at the steady state of aggregation, werd" Stafistical analyses
averaged to reduce the statistical variance. Then, the back- All results were expressed as mearstandard devia-
scattered power obtained from E() was computed and tions (s.d). One-way analyses of variance with Bonferroni’s
averaged over eight simulations performed under the sam@ethod for multiple comparisons were used to assess the
conditions. The initial random positioning of nonaggregateddifferences in the mean aggregate sizes and spectral slopes
and nonoverlapped RBCs was changed between simulationiisted in Tables | and I[SIGMASTAT statistical software, ver-
thus resulting in different aggregate structures. sion 2.0, SPSS Science, Chicago). A significance level of

0.05 was considered in all analyses.

: (4)

2 —cosf sinfd

92
S(WZT> T(C)Z(N)

TABLE II. Effect of the insonification angle, for a shear rate of 0.05, ®n
the slopes of the frequency dependence of the ultrasound backscatterﬁqi RESULTS
power between 5—-25 MHz and 40—60 MHz (meassd.,n=8). '

A key feature of the current model is the possibility to
simulate various RBC aggregate structures and the corre-
sponding ultrasound backscattered signal in response to the
Y 2-6i0-2} : 12204 shear rate intensity. Figure 2 shows examples of RBC spatial

Angle Spectral slope Spectral slope
(degrees) (5-25 MHz) (40-60 MHz)

‘9‘(5) "[igfg-g‘ é-gf?z arrangements obtained at the steady state of aggredafion
3% 27402 :|" 1304 ter more than 15 000 iterationdor shear rates of 0.05, 0.1,
0.3, and 2 s! and a hematocrit of 40%. As expected, the
2 <0.001. fraction of aggregated RBCs and the size of the aggregates
°p=0.002. increased as the shear rate was decreased. At low shear rates

J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 I. Fontaine and G. Cloutier: Aggregating erythrocyte backscattering 2895



Te+12 le+12
5 5 o)
2 1e+11 ] g o411 |
o ©
> <54
g 1e+10 4 8 1e+10 4
= w©
o [&]
2 1e+9 £ tetd
3] [&]
® ]
o O
T 1e+8 g Te+8
5 o
2 3
o le+7 o le+7
5 35

1e+6 : - 1e+6 ' '

10 100 10 100
Frequency (MHz) Frequency (MHz)

FIG' 3'. Frequency dependence of_the u_It_ras_ound backscattfre_d pretaer FIG. 4. Frequency dependence of the ultrasound backscattered (relaer

tive units, means s.d.,n=28) at an insonification angle of 90° with respect tive unit9 for the initial random positioning of nonaggregated and nonover-

to the flow, for shear rates of 0.05, 0.1, 0.3, and 2 s lapped RBCs, at different insonification angles with respect to the flow. The
dash-dotted line represents the theoretical fourth-power frequency relation-

hip of Rayleigh ing.
(e.g., 0.05 and 0.173), clump types of aggregates were ob- ship of Rayleigh scattering

tained with the model. The compactness of the aggregates . _
P goreg Independencies for a scatter’s diameter of b and a cell

increased as the shear rate was decreased. Rouleaux of a fi . o _
RBCs were more often observed at higher shear (ates, 2 concentration of 40%, the backscattered power was esti-
sy mated from the initial random positioning of nonaggregated
The frequency dependencies of the ultrasound backsca?—r?d ncr)]nO\I/er!aplg)%d RBC_Xsbflafore dthle ?rségtgraﬂon of t.h €
tered power at an insonification angle of 90° with respect t k|]cr0r ec; OQ'Cfa;h ¥nar?|c§. mEo e3 ° aggredgallon
the flow are presented in Fig. 3, for shear rates of 0.05, 0.]5 € spectra of IN€ TUNCtioN In g (3) were average over
0.3, and 2 5. At frequencies below approximately 30 MHz, 0 independent RBC realizations performed over the simu-
the ultrasound backscattered power increased as the shé?ﬁ‘ed area of 300 by 30@m, and the backsgattered power
as then computed for each frequency considered. As shown

rate was decreased and the level of aggregation was raised. " 4 the i ficati le had ttact on the ult
The mean increase of the backscattered power between shé%rF'g' » (he Insonification angle had no etfect on the uftra-
rates of 0.05 and 2°¢ was 9.1-1.2 dB. The mean numbers sound backscattered_ pOwer. Howev_er, the spectral slope of
of RBCs per aggregate at these shear rates were (@35 the backscattered signal differed, in the lower frequency
s1,23.0(0.15%),11.90.3s 1), and 3.32 s 1) (see Table 'ange. from the fourth-power frequency dependence pre-
|, p<0.001). As also seen in Table I, the slopes on a Iog_loiiaed by the Rayleigh scattgrlng theory. The reasons for this
scale of the frequency dependence of the backscatter screpancy are p_ostulated n Se(;. V. e
power, between 5-25 MHz, were independent of the shear The possible influence of the insonification angle on the
rate(n;ean values around 3’320 06) ultrasound signal backscattered by aggregating RBCs was
Above 30 MHz. a totaliy’diﬁ.erer.n scattering behavior also investigated over the range of frequencies considered
L H _1
was observed in Fig. 3. The backscattered power was ngsee Fig. % shear ratd).(_)s S ). It can be repalled that an
angle of 0° refers to a direction of propagation of the ultra-

longer positively correlated with the mean size of the aggre- db liel to the f h 90° ds t
gates, or inversely with the shear rate. For instance, at gound beam paraflel to the flow, whereas corresponds to

given shear rate, changes in the slope of the backscattered

power as a function of frequency were noted. As emphasized _ Te+12

in Table 1, the slope at 0.05 $was 3.3 between 5-25 MHz, %’ 1e+11 |

and decreased to 0.6 between 40—60 MHz. At higher shear &

rates between 40—60 MHz, the slope increased from 0.9 at§ 44419 |

0.1s'to3.6at25'(p<0.001). Because the change inthe %

slope was more pronounced at 0.05 shan at other shear 2’ 1e+9

rates, the backscattered power was lower at 0.0%fsan at §

0.1 s t above 37 MHz, was lower at 0.05sthan at 0.3 s* T 1e+8

above 45 MHz, and was lower at 0.05'sthan at 2 §? 3

above 65 MHz(see Fig. 3. The frequency at which the § le+7

transition in the slope occurred increased as a function of the3 1046
e+

shear rate. ' i

According to the Rayleigh scattering theory for particles 10 100
much smaller than the acoustic wavelengparticle, con-
tmuum‘_ or hybl‘.ld mOde“ng approa.che$h_e. bapkscatterlng FIG. 5. Frequency dependence of the ultrasound backscattered (relaer
properties are independent of the insonification anyiEo  gye units, meanss.d., n=8) for a shear rate of 0.05°§ at different
verify the validity of the current model, in terms of angular insonification angles with respect to the flow.

Frequency (MHz)
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10 MHz 40 MHz increase in the backscattering coefficiéatmeasure propor-
tional to the backscattered powexs a function of the scat-
terers’ volume is expected, for a constant hematocrit and a
spatial organization not affected by the scatterers’ si2e.
i According to Table | and Fig. 3, the simulation results
seemed to deviate slightly from this prediction. As listed in
16410 Table I, the mean volume of RBC aggregates increased by a
1e+sw factor of 10.2 between shear rates of 2 and 0.05 Bor the
, , , same shear rate changes, the backscattered power at 90° in-
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 Creased, on average, by a factor of Only @11 dB) belOW
Angle Angle 30 MHz. Although this difference may be attributed to the
FIG. 6. Changes in the ultrasound backscattered poaative units, ~ vVariance of the simulated results, the fact that RBC aggrega-
means-s.d.,n=8) as a function of the insonification angle, for shear ratestion influences the structure factor, a main determinant of the
of 0.05, 0.1, 0.3, and 2’5, and mean frequencies of 10 and 40 MHz.  |trasound backscattering properties, may also be a reason-
able explanation. It can be recalled that the structure factor
a perpendicular orientation. Significant variations of thereflects the spatial organizatidgpair correlation of scatter-
backscattered power as a function of the insonification anglers in the frequency domaf?'*’' The spatial arrangement
were noted at frequencies between 5-20 MHz, approXiof RBCs due to aggregation had an influence on the back-
mately. At 90°, the backscattered power was consistentlgcattered power at frequencies below 30 MHz, but as seen in
lower than the values observed at the other angles. The stropig. 3, the impact of the structure factor was more dominant
gest backscattering was noted at 0° and 135°. The maximung frequencies between 30—120 MKon-Rayleigh regime
difference in the mean backscattered power as a function qfs reflected by the changes in spectral slopes.
the insonification angle was 6.5 d@t 10 MH2. Between . o
25-120 MHz, the ultrasound backscattered power was angl@- Effect of the insonification angle
independent for that low shear rate of 0.05"sTable I Another common belief is to consider the backscattering
shows the effect of the insonification angle on the spectrajrom blood (with or without RBC aggregatepossibly angle
slopes at the same shear rate value of 0.05 Statistically dependent only in the non-Rayleigh regifié® It may be
significant diﬁ‘erences (< 0.0QS) were observed between yorth mentioning that although judged negligible by the au-
5-25 MHz. At higher frequencigg0—60 MH3, the spectral o5 Kuo and Shurl predicted slight differences in mag-
slopes were similar on averagp= 0.06). _  nitude of the backscattering cross sectimackscattering
Figure 6 is presented to further emphasize the relationg. 1, 4 single particlebetween sphere, disk, and biconcave
s:hip between the ultrasound b_ackscattered power, insonificasg having the size of a RBC below 30 MHz, by using the
tion angle, shear rateaggregation leve] and frequency. At 14ty method. In the current study, the anisotropy of the
10 MHz, the anisotropyangular dependenyef the ultra- backscattered power at frequencies below 25 Mékpected
sound backscattered power was relatively similar as a func- ayleigh regimgand a shear rate of 0.05 swas not neg-

tion of the shear rate. The range of variation of the mea igible and reached values up to 6.5 dBee Fig. 5 As

g%cg sz:f‘ t;egegé) %\ivgrlagla éug (g:; r;togtg%fl r:igr:z \2’%3 d6l_5>7acth % own in Fig. 6, the shear rate did not seem to affect the

anisotropy at low frequencies. Surprisingly, at a first glance,

_1 . .
2 s . For each shear rate, the minimum backscattering Waﬁm anisotropy disappeared in the non-Rayleigh regines

found at le of 90°. With th ti f the sh t . :
ouncd at an angie o I © exception of The shear ra euenues above 25 MHZor shear rates promoting the for-

at 2 s, the anisotropic behavior of the backscattered powef1 r £l RBC tes. Thi b lained b
was more erratic at 40 MHz. As for the observation made af'a!on ot large aggregates. 1his may be expiained by
10 MHz, the anisotropic behavior at 2'swas characterized 1€ structure of RBC aggregates simulated in Couette flow,

by a minimum of the backscattered power at 90°, and a rangWhiCh had more the form of clusters than oriented rouleaux
of variation of 6.0 dB. For the other shear rates and a fre@t I0W shear ratessee Fig. 2 Another observation that can
quency of 40 MHz, the angular variations were below 2 ghe made from Figs. 5 and 6 is the maximum backscattering,

dB. at low frequencies, that generally occurred at angles close to
0° or 180°. This would suggest that the privileged macro-
scopic orientation of the blood structure was close to parallel

IV. DISCUSSION with the ultrasound beam in these simulations. In summary,

A common belief, based on experimental observationd0 fully understand the relationship between the ultrasound
and the Rayleigh scattering theory, is to consider that afackscattered power, insonification angle, and frequency, one
increase in the level of RBC aggregation results in a raise ofeeds to refer to the frequency dependence of the structure
the ultrasound backscattered signal strefd§tiine simula-  factor, as performed by Fontairet al.* Additional experi-
tion results presented in Fig. 3, at frequencies below 3@nental validations would be necessary to better understand
MHz, are consistent with this postulation because the backthe anisotropic behavior of the backscattered power from
scattered power is shown to increase with a reduction of thblood as a function of the frequency. To our knowledge, the
shear rate and an increase in the size of the aggre(mges only experimental results available were performed at 10
Table ). According to the Rayleigh scattering theory, a linearMHz.8

—e—005s"
—o— 015"
—»— 035"
—— 25"

Ultrasound backscattered power
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B. Deviation from the fourth-power frequency TABLE llI. Spectral slopes between 5-25 MHz and 40—-60 MHz (means

dependence under Rayleigh scattering +s.d., n=8), corrected for the bias i_nduced by the broadband frequency
response of the transducer, as a function of the sheataatue of 0.5 was

As observed in Fig. 4, the frequency dependence of thedded to the results of Table | between 5-25 WMHEhe spectral slopes

re obtained for an insonification angle of 90° with respect to the flow.
backscattered power from nonaggregated and nonoverlappﬁ@te that the same corrections could be performed with Talilesults not

RBCs, at a hematocrit of 40%, differed from the fourth- gphoun.
power relationship in the lower frequency range. This is

clearly an artifact of the simulation model related to the fil- ~ Shear rate Spectral slope Spectral slope
tering induced by the frequency response of the point spread 7 (5-25 MH2 (40-60 MH2
function [Eq. (2)]. In theory, the incident wave should be 0.05 3.8:0.3 0.6-1.1
plane and monochromati®irac impulse in the frequency 8-; g-ig-i g-i 1-8
domain to validate the definition of the backscattering 5 3.6-0.2 36:0.7

coefficient! In the current studyy, in Eq. (2) was kept
constant to 0.03 mm whatever the frequency studied. This
resulted in a bandwidth of the point spread function;-&
dB, of 10 MHz (or relative bandwidths varying between
200% to 8.3% between 5-120 MHZ here were three main Experimentally, Rayleigh scattering was observed for
reasons to select a bandwidth of 10 MHz. It first allowed thenonaggregating RBCs at frequencies below 30 MHz
transmitted power to remain constant whatever the frequenchematocrits-6%—44%, attenuation-compensated back-
selected. Second, the constant valueygi=0.03 mm al-  scattering coefficient® In the presence of RBC aggrega-
lowed us to constrain the size of the point spread functiortfion for frequencies slightly above 10 MHz, spectral slopes
entirely within the ROI. But, more importantly, this band- below 4.0 were found.According to Table Iil, spectral
width was selected to reduce the variance of the backscaglopes between 3.6-3.9 were obtained between 5-25 MHz,
tered power computation as a function of the frequency. Fowhatever the shear rate. In the experimental study of Yuan
instance, averaging was performed by computing, with Eqand Shung, the fibrinogen concentration was changed to
(3), the backscattered power ovéy frequency samples. A promote f[he formation of RBC aggregatgs in tube floyv. The
smaller bandwidth would have required several additionafurrent simulations are in agreement with the experimental
realizations of the functiom (the positioning of RBCs, as esults reported by othePsalthough the type of flowtube
illustrated in Fig. 2to obtain acceptable standard deviations.Versus Couette flonand the geometry of the scattering ROI
The obtaining of the functionl used to compute the back- (3D versus 2D for the current simulationsiffered between
scattered power with Eq3) could necessitate several days both studies. At frequencies between approximately 40—60

(on a Pentium 1l computérbecause up to 30 000 iterations MH?Z, attenuation-compensated spectral slopes varying be-

could be required to obtain the steady state of aggregatioff'éen 0-4—1.4 were measured experimentally at low shear
rates for normal human blod. To our knowledge, these

with the microrheological model. : hole-blood back : b :
To estimate the bias induced in the low-frequency rangd€Sults on whole-blood backscattering are the only ones
available in the literature in this range of frequency. Al-

(5—25 MH2 with the current model, additional simulations .
were performed by using a single RBC in the middle of '[heth_Oth they may be erroneous because_ t_h_ey were obtained
ROI. For such simulations, a fourth-power frequency depen\-’\”th fOCl_Jsed wideband transducefty definition, a mono-
dence should be obtained. We did not evaluate the bias of thcehrome_xtlc plang wave should b.e u§ed FO measure the back-
spectral slopes from the results of Fig. 4 because the rando%Catterlng coefficient in steradian-cf, it may be worth
: mentioning that these slopes between 0.4—1.4 are within the

positioning of a Iar_ge ”“mbe_r of nonoverlappe_d and nonag-ange of values reported in Table Il for shear rates of 0.1 and
gregated scatters is constrained by the exclusion volume e 505 s 1

fect (in theory, the spectral slope for such cases could be

higher than 4.€/'2Y. By performing the simulations over in-

dividual RBCs with the current definition of the point spread

function, the mean spectral slope had a value of 3.5 instead- Comparison to other modeling strategies

of 4.0 between 5-25 MHﬁhe Slope was 4.0 between 40—-60 Models were proposed to predict the frequency depen_
MHz). Table Il presents the corrected values of the spectraience of ultrasound backscattering from the microstructure
Slopes as a function of the shear rate. To do so, a value of 0& soft bi0|ogica| tissue%_‘llzz'ze’The different mode"ng strat-
was added to the results of Table | between 5-25 MHz. Aggies adopted in these studies are difficult to apply to a com-
seen in Table Ill, values closer to 4.0 were obtained in theyglex medium such as blood, because angulated fibers,
low-frequency range. Thus, for the simulated conditions ofaligned scatterers regularly spaced, independently distributed
RBC aggregation, close to Rayleigh scattering was obtainegarticles, isotropic media, or dilute systems of particles are
between 5-25 MHz, whatever the shear rate=0.06). The  poor descriptors of aggregated packed RBCs. The modeling
corrections performed in Table Il can also be applied toof blood scattering is quite complex due to the high density
modify the results of Table l{new table not shownIn the  of scatterers, the phenomenon of RBC aggregation, and the
low-frequency range, the corrected mean values of the speflow dependency of the scatterers’ position. To our knowl-
tral slopes would thus vary between 3.1 and 3.8 as a functioedge, very few studies addressed the issue of modeling blood
of the insonification angle. scattering as a function of the frequency.

C. Effect of RBC aggregation on the spectral slopes
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In 1999, the acoustic framework of the current model According to the results of the present study, the follow-
was proposed to study ultrasound backscattering from noring question can be raised. For a given insonification angle,
aggregated RBCs at hematocrits of 0%—-100%, and frequemoes the combination of measurements performed at low and
cies of 2-500 MHZ The effect of both the scatterers’ shape high frequencies bring more information to the characteriza-
and positioning on the backscattered power was studied ition of RBC aggregation? It appears, from the results, that
3D. The mathematical relationship between the positioninghe variations in backscattered power, spectral slope, and an-
of RBCs (function N) and the structure factor was given in isotropy convey complementary information. Dual frequency
that study. Because the ROI was infinite, a narrow-band sigeharacterization was proposed before to characterize other
nal could be usedi,=0.21 mm, bandwidtiv0.7 MHz) and  types of biological tissue. The detection of malignant liver
the filtering artifact produced by the frequency response ofumors, kidney microstructures, and vascular emboli are
the transducer was limited. In Sayeand Cloutie”* the  some example$?>?° The use of dual frequency may be a
backscattering coefficierfmonochromatic plane wayevas  direction to proceed in the future.
determined analytically for 3D diluted suspensions of RBC
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