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To study the shear-thinning rheological behavior of blood, an acoustical measurement of the
erythrocyte aggregation level can be obtained by analyzing the frequency dependence of ultrasonic
backscattering from blood. However, the relation that exists among the variables describing the
aggregation level and the backscattering coefficient needs to be better clarified. To achieve this
purpose, a three-dimensional random model, the Neyman—Scott point process, is proposed to
simulate red cell clustering in aggregative conditions at a low hematt«itg%). Thefrequency
dependence of the backscattering coefficient of blood, in non-Rayleigh conditions, is analytically
derived from the model, as a function of the size distribution of the aggregates and of their mass
fractal dimension. Quantitative predictions of the backscatter increase due to red cell aggregation are
given. The parametric model of backscatter enables two descriptive indices of red cell aggregation
to be extracted from experimental data, the packing fadfoand the size factoA. Previously
published backscatter measurements from porcine whole blood at 4.5% hematocrit, in the frequency
range of 3.5 MHz-12.5 MHz, are used to study the shear-rate dependence of these two indices.
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E[N]

solid angle of observation relatively to the
scattering volume

probability

power of the backscattered wavedt)
scattering vector { 2k for backscattering
spatial position of the observer

mass density

structure factor=(1/M)|Z; exp(—jq- x;)|?
diagonal matrix of the eigenvalues of the
covariance matriE[ XTX]

standard deviation o whenX is isotropic
backscattering cross-section

standard deviation of N¢, o2=E[N?]

- E[Nc]z

transposition of a matriA

volume of the particle

volume of the compact s&

scattering volume

packing factor=limg_,o S(q)

set of the random positions of the red
blood cells

random position of a red cell inside a cen-
tered aggregate

position of thelth particle inside theath
aggregate

position within the scattering volume
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Y={Y;} set of the random positions of the centersZ, mean acoustical impedance

of aggregates Zx(B) random number of particles oX falling
Z, acoustical impedance of the particle into the compact seB
I. INTRODUCTION that the frequency dependence of blood is lower when the

flow rate is decreased, and thus when the aggregation is en-

Blood is a complex tissue to characterize by ultrasonichanced for frequencies as low as 3.5 MHz.
means because of its heterogeneous structure. Blood inter- These results suggest that the theoretical understanding
acts with acoustic waves because of the presence of celsf blood scattering at higher frequencies is incomplete. We
flowing in the plasm&99% are red cellsthat scatter ultra- propose to generalize the packing factor theory for higher
sound nonisotropically. The high density of red céliseir  frequencies by introducing the frequency-dependent struc-
volumic fraction reaches about 45%nd their ability to form  ture factor. It is intended to use it as a spectral signature of
reversible aggregates under the cumulative effects of chemihe aggregation process that is more relevant for ultrasonic
cal, physical and hydrodynamic interactions create intricateharacterization than a single measurement at a low fre-
spatial structures that influence the scattering properties ajuency.
blood. The purpose of this study was to predict the frequency

Clinically, the purpose of blood characterization by ul- dependence of the backscattering coefficient from blood
trasound is to offer the possibility of investigatimg vitro ~ characterized by different levels of red blood cell aggrega-
andin vivo the rheological attributes of blood. The viscoelas-tion. It is hypothesized that the spatial pattern formed by the
ticity and the thixotropy of blood strongly depend on the aggregates of red cells governs the backscattering strength of
formation and disruption of red blood cell aggregates andlood. Red cell positioning is modeled as a random spatial
any disturbance in these mechanical parameters can alter theint-process and it is considered that red cell aggregation
micro and macrocirculation by initiating stasis zones, en-modifies the statistical parameters of this random phenom-
hancing thrombus formation, and favoring tissue ischémia.enon. The Neyman—Scott proce€$SP gives a random
It would consequently be relevant to assessvivo the framework that is convenient for the analytical derivation of
hemorheological disorders of patients and to take them int¢he backscattering coefficient. In this paper, the method used
account in conventional cardiovascular risk proffles. to theoretically predict the backscattering coefficient of a

Classical tissue characterization techniques consist offeak scattering suspension is described in Sec. I, then the
finding the frequency dependence of attenuation and backNSP is introduced in Sec. Il to model red cell aggregation
scatter properties of the material and using them as acous#nd to derive the analytical expression of the backscattering
cal indicators of the underlying microstructure. This wasproperties of blood. In Sec. 1V, results on the predicted ef-
proven useful to detect diseased tissues in several clinicigcts of red cell aggregation on the backscattering coefficient
applications. Infarcted myocardiufratherosclerotic carotid are given, and the question of inferring descriptive aggrega-
arterie$ or cirrhotic livers were shown to have scattering tion parameters using experimental backscatter data is dis-
properties that differ from their healthy counterparts. Speccussed.
tral characterization of blood backscattering has already been
performed experimentafly® and has shown sensitivity to
the microstructural packing state of the red blood cells. || SCATTERING BY A SUSPENSION OF WEAK

Theoretical efforts have been made to elucidate the reSCATTERERS
lation between the backscattering properties of blood, usuA D . f the back . ffici
ally quantified by the value of the backscattering coefficient, - ecomposition of the backscattering coefiicient
and the frequency of the incident wave, the hematocrit, the  The propagation of an acoustic wave into a linear me-
flow condition (steady state or turbulentor the red cell ag- dium depends on the spatial distribution of dengigfx) and
gregation leve?~*® Twersky’ proposed a parameter called compressibilityxy(x), wherex represents the spatial posi-
packing factor to describe the backscattering coefficient of @aion. When these spatial functions are precisely known, the
distribution of hard particles. The primary assumption of thiswave equation can be theoretically solved once the source
theory is that the spatial scale of the inhomogeneities irparameters are given, and conveys the relation between the
acoustical impedance must be much smaller than the acoupressure measured at the surface of the receiver and the vari-
tical wavelength. ous acoustic properties of the medium. In a heterogeneous

This approximation succeeds to explain the hematocrimedium like blood, it would be difficult to describe accu-
dependence of the backscattering by nonaggregating suspamately the exact spatial distributions of density and compress-
sions of red cells but fails to predict the frequency depenibility. This is why the propagation medium is seen, in this
dence observed in experimental conditions when red cell agarticle, as a realization of a random process which can be
gregation is significant. As the packing factor is independentharacterized by statistical mean parameters that depict its
on the frequency, the backscattering coefficient is expectethacroscopical properties. Measurement of the backscattering
to increase linearly with the fourth power of the frequelfcy properties of a sample of this material should provide clues
in the low frequency approximation. However Yuan andon the value of these mean parameters as shown in this sec-
Shung® Fosteret al,” and Van der Heidert al® observed tion.
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B. Pair-correlation function of a point process and

Incident plane wave structure factor

sl il The structure facto®(q) can be influenced in a complex
way by the hematocritd, the geometric dimension of the
____ ) particle and also by the physical factors governing the aggre-
“pm, (;l;m" ***** * < v gation process. To thecr_etically estimate variaticns of the
M\  ieriaycione structure fact_or, the positioning qf the scatterers in t_he me-
dium is considered as a realization of a random point pro-
cess, that obeys a random model with average parameters
Scattered wave characterizing the aggregation level. Theoretically, a point
FIG. 1. Scattering experiments and symbols. distribution can be described by its microscopic density
N(X):

In this paper, we assume that an ideal backscattering
experiment(Fig. 1) consists of the insonification of a mate-
rial volumedV by a monochromatic pressure plane wave of

intensityl,cigent@nd by the measurement of the powdé? of ' . i
the backscattered wave into a small solid ang®. The sidered as random positions of the scatterers. Wrikiq)

result is expressed in normalized terfra ‘sr %) by the sz_(x)e*jq'de the Fourier transform of the microscopic
differential backscattering coefficient. If the incident planedensity, the mean structure factor can be derived from the

wave has a wave vectdr ([k|=27/\, \ being the wave- Mean energy spectrum &f(x) by:

M
N(x>=i§1 S(X—x), (4)

where é is the Diracs-function andX={x;};-, u are con-

length, the (differential) backscattering coefficieng(k) is E[|N(q)|2]
defined by: Sa=—y ()
x(k)= d—P (1)  WhereE[ ] represents the expected value of a random vari-
lincidend€2 dV able. The pair-correlation function
The fluctuations in density and compressibility within P(xe X and x+reX)

blood are supposed small enough to hypothesize that the g(r)=
Born approximation is valid. We also assume that the me-
dium dV is composed oM =m dV identical spherical par- can be related to the structure factor. WritigjN(x) N(x
ticles whose centers are positionedii_; yu, mbeingthe  +r)]=m?g(r)+ ms(r), one deriveSfor q+0:
number density of the particles. T particles are embed-
ded in a homogeneous mediutlike the plasma with a S(g) =1+ mJ' (g(r)—1)e 19" dr. (6)
mean characteristic acoustical impeda#ge
These hypotheses allow to write the backscattering coThis formula shows that variations of the pair-correlation
efficient in the known factorized forth: function induced by changes in the spatial organization of
(K =mS — 2K) oy~ 2K). @ the red cells will directly affect the structure factor and the

scattering properties of blood.
In Eg. (2) are introduced the structure fact@(q)
=(1/M)|=M e719%|2 function of the scattering vectay
=—2k, and the backscattering cross-section of the indi-C. Correlation length and corresponding scattering

P(xe X)P(x+reX) '’

vidual scatterewry(— 2Kk). regimes

For weak scattering spherical particles of radeuand Depending on the relative values of the correlation
VO|llJ5meVs= sma’, the backscattering cross-section is given|ength| ., defined by|r|>I.~=g(r)=1, and of the wave-
by: length \, two different aggregation regimes can be distin-

2 guished. This correlation length can be roughly seen as the

sin(2ka) — 2kacog 2ka) : ( !
3 , (3)  diameter of the clusters present in the medium.

1 _
_ —_— \/2C2 4 3

whereE=(Zp—Zo)/ZO is the small relative mismatch be- 1. Rayleigh scattering
tweenZ,, the particle impedance, ant}.

Whenl <\, we have the low frequency approxima-

Equation(2) exhibits the expected result that the scatter- o )
ing strength of a tissue depends on the intrinsic acousticd/o" that leads to the definition of tigacking factor Wthe
ro-frequency limit of the structure factor. This happens

properties of the scatterers, described by the backscatterir@] X
cross-sectionr,(— 2k), and also on the spatial positioning when scatterers are gggregated in clusters much smaller than
of particles whose second order statistics are described g€ wavelength. In this case,

the structure factoS(q). The aggregation phenomenon is

supposed to only affect the structure factor, as red cell prop-  lim S(Q):W:1+mf (g(r)—1)dr, )

erties and hematocrit remain constant in the sample macro-

scopical volume. and
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1 = 4 correlation function can simply be seen as a second order
x(K)=mWory(—2k)~ — HWV,CK™. (8)  property, wherB is the pair of pointgx,x+r}:
A medium with uncorrelated particles, corresponding to _ P(xeXandx+reX)
l.o=0 has thus a unit packing factor. A low hematociit ( P(xe X)?

<5%) suspension of nonaggregating red blood cells can be
approximated by such a model. The packing factor can be :1_2P(ZX({X}):O)+P(ZX({X'X+r}):O) 9)
seen as a corrective factor that takes into account the corre- [1-P(Zx({x})=0)]°

lations between positions of scatterers. The variations of thﬁ is said to be a Poisson process with number density
packing factor with the hematocrit, polydispersity and shapg, 1o, Z(B) is a Poisson random variable with mean value
of hard particles have been theoretically studied bymv V; being the volume oB. In this case, Eq(9) with
Twersky®!® For nonaggregating particleg/ tends toward 1 B o ’

hen the h W s | d ish he is cl P[Zyx(B)=0]=e ™8 gives g(r)=1. No spatial structure
when the hematocrii is low, and vanishes whel is close  oiqiq in the Poisson point process as the correlation length is

to 100%, because, in this case, heterogeneities giving birth ero. and this is why a Poisson point process can be de-

fscatterlng BO Ili)nger exist 'rr‘] the medium. The peak Ofl l0Wscribed as a complete random distribution. The evaluation of
requency backscattering, that arises whé is maximal, the structure factor gives, at all frequenci&ég)=1. A sta-

oceurs forHma~13% for nonaggregating spheres but canjonar poisson point process thus cannot be an appropriate
vary with the shape of the scatterers or with the pOIydISper'model to simulate clusters of scatterers as encountered in

sity of the distributior?. _ certain red cell aggregation conditions.
By definition, W does not depend on the frequency. This

low frequency approximation can thus only consider the
fourth power frequency dependendé) of the backscatter-

ing coefficient in the Rayleigh scattering regime. B. The Neyman—Scott point process
The Neyman—Scott process is a random point process
2. Non-Rayleigh scattering and aggregation commonly used to model clusters of points. This random

At least two situations can provoke the irrelevance of thgmodel efficiently described different statistical spatial data
low frequency approximation: either when the acoustical fre-SUch as the positioning of trees in the forésthe distribu-
quency is increasetto obtain a better spatial resolutjoar tion 20(1)‘ precious stones in sdilor the patterns of rainfall
when the aggregation level is so elevated that the correlatiof€!ls: _
length | ., becomes non-negligible compared to the wave- _The red cells are suppos_ed to be grouped |n.§:Iusters
length. One can test the validity of these assumptions b{aving random features obeying the same probability law.
estimating the frequency dependence of the backscatterinff€ intend to charaptenze aggregate morphology by.a s.ma'll
coefficient, which should be proportional k4 under Ray- number of geometrical quantities taken as aggregation indi-
leigh conditions. ces. However, the relation between the different physical in-

Frequency dependencies of the backscattering coeffféractions involved in the aggregation procésgdrodynam-
cient of whole blood as low a3 (in the frequency range of €S, depletion or bridging effects of the plasmatic
22-37 MHZ® at a shear rate under 1% or k% (in the range macromolecules, electrostatic for¢@md the microstructural
30-70 MHZ’ at a shear rate of 0.16 § have been reported factors defining the configurations of erythrocyte clusters
in the literature. This shows that the Rayleigh approximationVill not be directly modeled, as we only want to geometri-
is inappropriate to study scattering from aggregating ref@lly describe the aggregation level. _ _
cells as a function of the frequency. A particular random  1he basis of a realization of an NSP lies on a Poisson
spatial point process, the Neyman—Scott prod®&sSP), is processY Wlth_ a number densityn,. Each pointY; is the
proposed to predict the effect of aggregation on the backscafenter of theith cluster surrounded by a random number

ter data and to clarify the relation between the frequency anflc(i) Of points, sampled from a random varialig. To
the backscattering coefficient. construct this cluster,N.(i) independent realizations

{X“}|:1___Nc(i) of a random vectoX are generated, and the

IIl. MODELING OF RED CELL AGGREGATION BY THE N¢(i) pointsY;+X;; compose the cluster. The microscopic

NEYMAN—SCOTT PROCESS densityN(x) can then be written as:
A. Random point processes Ne(l)
. N NOO=2 2 8(x=Yi=Xy). (10
We consider that the set of positios={x;}i-1 m Of T =1

the particle centers is the realization of a random spatial prog
cess,M being either constant or a random variable such as
E[M]=m dV. To fully characterize a point process, one can(1) the number densityn, of the centers of clustersy;},
specify'’ the random number,(B) of points falling into a  (2) the discrete probability density functid®(N.=n) of the
compact seB included indV. The process of aggregation is random numbeN, of points per cluster,

supposed locally stationary in the sample volume, which im{3) the spatial probability density functioik(x) of the ran-
plies that the random variably(B) depends only on the dom vectorX (with mean 0, that characterizes the clus-
shape ofB and not on the position of its center. The pair- ter size.

he parameters needed to fully describe the NSP are thus:
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The characteristic function and the two first moments of .77 .77~
the discrete distributionZysy(B) have already been :
computed” as a function of the moments of; (n.
=E[N.] ando?=VafN.]), of fx(x) and of the shape d.
The number densityn equalsmgn. and the pair-correlation
functiong(r) can be determined and is given by:

2

SR I
g(n= mi T, e

) J fy(X) fx(x+r)dx. (11

According to Eq.(6), the structure factor can also be
derived by computing the Fourier transformgyfr) —1:

2 2
S(g)=1+ %‘f’ﬂc—l)f fy(x)e J1axdx| . (12
c

C. Aggregation parameters

The random spatial probability density(x) physically
characterizes the spatial dimension of the clusters by deter
mining the dispersion of the red cells around the center of an
aggregate. We consider here the simplest random vector dis-
tribution to modelfx(x), i.e., the Gaussian model with zero IiIG. 2.72D realifations_of a_ Neyman—Scott model in a unit windbiw.
mean and covariance matii{ X.TX] =T3P, The diagonal (_a)oi‘fI’3;;16?:_52"(&'1'?:”;?””1” taken between 1 anchg-1, where
matrix 2 represents the spatial standard deviations in the
principal axes, and the orthogonal matfixis the matrix of
the unitary principal axe$e; ,e,,e;} of the clusters. An an- aggregates. The distance between particles of the same clus-
isotropic shape of the clusters would result in different eigenier tends to decrease whénincreases.

values{o2=o5=¢3} of the covariance matrig[ X"X]. On

Combination of Eq(15) and Eq.(16) yields the expres-

the contrary, if the clusters are isotropic, the covariance masion of the Gaussian isotropic structure factor:

trix takes a simple spherical forne[ X"X]= oI, wherel is
the identity matrix.

The structure factor can then be analytically computed
Two nondimensional aggregation paramet®sthe packing
factor, andA, a size factor, contribute t8(q):

by using Eq.(12):
2

O-C
S()=1+|—+n—1
nC

)exri—(CDQ)TE@Q)]- 13

If the clusters are isotropic, the pair-correlation function
and the structure factor have a simpler expression:

2

n—°+nc—l)exp{—23/2| rlo|?],
Cc

o

9N =1+ s

lag|?

247 a9

|

S(gq)=1+(W- 1)exp< -

(1) w= nc+(o§/nc) increases when the number of cells per
aggregate growsW can be seen as an indicator of the
size of aggregates in terms wfimberof cells per aggre-
gate.W is the limit of the structure factor when the in-
cident frequency tends toward zero.
A=(112)(n.—1) Y =a/(\20) decreases when the
spatial dimension of the cluster increases. This index

)

(149 is related to thespatialextent of the clusters and controls
the rate of decrease of the structure factor betwdén
and . .
and 1, when varying the incident frequency.
2
g
S(g)=1+ n_°+nc_1 exp[ —|oq|?]. (15 Figure 2 illustrates spatial patterns generated by the

C

NSP. Three 2D realization®D simulations are here shown
To link the spatial standard deviatian, related to the for convenience but all results presented in the rest of the

gyration radius of the clusters, to the first two momentsPaper are three-dimensionare shown in a unit window

{n.,oc} of Ng, a fractal-ike behavior is assumed by With H=0.4,2=0.01,D=2, and withN, taken as a ran-

writing:2* dom integer uniformly distributed between 1 and.2 1,
with n.=1, 5 and 15. Table | gives the packing factors and
ola=(n,—1)'P. (16)  the size factors corresponding to these configurations.

The fractal dimensioD morphologically characterizes
the growth process of the aggregates. Linear aggregates as ) _ _
the rouleaux have a fractal dimension close to 1, whereal: Analytical formulation of the backscattering
compact spherical aggregates have a greater fractal dimeﬁgefflment
sion close to 3. As an isotropic model was adopted in the By substituting Eqs(17) and(3) into Eqg.(2), and noting
current studyD is related to the packing compactness of thethatm=H/V,, one obtains the backscattering coefficient of
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TABLE . Values of the packing factor and of the size factor for the 2D A, Relation between the backscattering coefficient

simulations shown in Fig. 2. The fractal dimensiorDis- 2. and the frequency
Ne w A ola Figure 3 shows the relation between the backscattering
1 1 too 0 coefficient of diluted porcine blood, computed by the model,
5 6.3 0.35 2 and the incident frequency for varying sizes of aggregates
15 19.7 0.19 3.7 (D=2, o./n;.=10%). The chosen hematocrit wald

=4.5%. The radius of the red cells was 2..um, and the
relative impedance mismach was chosen at 0.11 by taking

ublished valu€g of the compressibilities and densities of

a medium composed of weak scattering spherical particleghe porcine red cells and of the plasma. The speed of sound

with an arrangement described by an isotropic Gau53|arc1 was assumed to be 1540 mis
Neyman-—Scott model:

Several features should be noted, depending on the

sin 2ka— 2kacos kal? range of frequencies studied.

(2ka)*®

1 —
XA (k)= ﬁHCZ(ka)“ 3 « At very low frequencies, the red cells in a single aggregate
are concentrated in a domain much smaller than the acous-
X (14 (W—1)e~2ka)a?y, (18 tical wavelength and consequently scatter coherently with-
out phase delay. The aggregates can then be considered as
single Rayleigh scatterers with an effective voluivey/;.
Since the central positions of the aggregates are spatially
Poisson-distributed in the NSEt this low hematocrit con-
dition), the backscattered power is simply proportional to
WYV, and thus is sensitive to variations of the number of
cells per aggregate. Furthermore, Rayleigh scattering im-
plies that the backscattering coefficient increases propor-
tionally with k%, as observed in Fig. 3.

IV. RESULTS AND DISCUSSION

Because of the variations of the structure factor with the
packing factorW and the size factoA, the backscattering
coefficient of blood varies with the morphology of the red
cell aggregates. Depending on the range of frequencies stud-
ied, the sensitivity of the backscattering coefficient to
changes in aggregation properties can also vary. The pro-
posed model allows to evaluate both the effect of the aggre> At very high frequencies, red cells are separated by dis-
gate size, quantified by the two first moments of the random tances corresponding to many wavelengths. Phases be-
number of cells per aggregate, and o, and the effect of tween backscattered echoes are then uniformly distributed
the geometrical compactness of the aggregates, described bypetween 0 and 2 and the structure factds(g) becomes
the mass fractal dimensioB. In this section, the effect of 1. The backscattered power is no longer sensitive to the
these factors on the frequency dependence of the backscatteraggregation process but only to the intrinsic properties of
ing coefficient is studied, and an inversion method is pro- the red cells. Figure 3 shows that all curves asymptotically
posed to infer aggregation level of porcine red blood cells approach this aggregation-independent form. When the
from experimental backscatter data previously reported in frequency reaches 1.84c/27a) =134 MHz(correspond-
the literature® ing to the maximal backscattering cross-section of the red

10° ¢

10

Y
o
©

FIG. 3. The backscattering coefficient
of porcine blood as a function of the
frequency for different aggregation
conditions as predicted by the
Neyman-Scott modeling.
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1,0=3) ] (dB)
&

Incident frequency f &
¢ 5MHz
W, | 15 MHz FIG. 4. The backscattered power in-
® 40 MHz crease due to the aggregation of red

blood cells as predicted by the
b Neyman-Scott modeling, as a func-
tion of the mean number of cells per
aggregaten. , for different frequencies
and fractal dimensions of aggregates.
The hematocrit is fixed aH=4.5%
and the polydispersity is characterized
by 0. /n.=10%. The reference power
is the disaggregated state, wheg

- =1 ando=0.

Fractal dimension
D=3

e
o
T

c

Power increase: 10 Log [x(f,n ,D) / x(f,n
[4,]
T

15 20

5 10
n (mean number of RBCs per aggregate)

cell), the backscattering coefficient has a maximal values<\. Combination of a compact growth of aggregates (
and then further decreases because of the progressive caa3) and of a low frequency insonification results in this
cellation of the echoes scattered by the spherical particlesype of scattering.

This results from the fact that the wavelets backscattered  After this linear increase, the raise in power peaks and is
by boundaries of the particles interfere when the dimencontrolled by the unphasing. The higher the frequency, the
sions of the particle are comparable to the wavelength. |ess pronounced is the relative increase of the backscatter

« The intermediate frequency range between the two previdue to aggregation.
ous scattering regimes is characterized by a decrease of the A spatial growth of the aggregates, without variation of
spectral slope’ log y(K)/dlogk. When the gyration radius the number of cells per aggregate, would result in phase
of the aggregates is elevated, the size fadtalecreases. differences between echoes coming from the cells of the
This transition then appears at lower frequencies and i§luster and thus in a decrease of the backscattered power. On
more pronounced when the packing factrhas a high the other hand, an increase of the number of scatterers in the
value. The experimental observation that the frequency deslusters, keeping the aggregate volume constant, increases
pendence decreases in presence of red cell aggregatée scattering strength of each aggregate. These reasons ex-
could be explained by this transitional scattering behaviorplain why an increase af, has two competitive effects: an
non-Rayleigh effects occur more markedly when aggreincrease of the power due to the compaction of the aggre-
gates are present. gate, and a decrease of the power due to the spatial dilation
of the aggregates resulting in incoherent echoes.
Generally, for a fixed number of cells per clusters, the
B. Relation between the backscattering coefficient power increase is bigger when the clusters are compact,
and the size of aggregates and thus wherD is closer to 3. The effect of the fractal

Figure 4 shows the variations of the backscatteringlimension is more pronounced when the aggregates are
coefficient at three fixed frequenciés MHz, 15 MHz and ~ bigger.
40 MH2) as a function of the mean number of cells per ~ As shown in Fig. 4, in aggregative conditions, a level of
aggregate and fractal dimensid@h A constant hematocrit backscattering coefficient ambiguously corresponds to two
H=4.5% and a polydispersity characterized lay/n, different values oh.. Moreover, the fact that two factorg/
=10% were used for these computations. Results are pr@&nd A, characterize the NSP, shows that at least two mea-
sented in terms of the power increa§e dB) due to the Surements must be accomplished to estimate their values.
aggregation in comparison with the disaggregated stat&his therefore suggests that a good characterization of the
[whenS(g)=1]. aggregation phenomenon requires measurements on a large

The increase in backscattered power due to aggregatidpand of frequencies rather than at a single frequency. The
is conditioned both by the fractal dimension of the clustersollowing subsection gives a method to extract morphologi-
and by the mean number of particles inside the aggregate.cal informations on the aggregates by performing measure-

Whenn.<(\/a)P, the power increase is simply propor- ments over a whole range of frequencies. This can be tech-
tional ton, : the suspension behaves as a collection of biggenically achieved by using either a broadband transducer that
particles with sizeo that satisfies the Rayleigh hypothesis emits short pulses and by making a spectral analysis of the
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FIG. 5. Experimental backscatter data
obtained by Yuan and ShurigRef. 6
for porcine whole blood flowing at dif-
ferent shear rates, for a hematodtit
=4.5%. Fitted curves are also shown
with estimated values o (packing
facton and o/a (normalized radius of

2 A Experimental Data 105~

Backscattering coefficient (m".sr‘1)

102K e e “ (mean values) B | the aggregates
a & 2257
’ 7
’, s 7z
s . W=305 ofa=46 ——
107 :,’ _,-’° Fitted Curves \y_ 176 :/:=2.8 R 3
ET W=37 ofa~0 =
10-5 ” 1 1 1 1 { I L 1 1 1 1
2 5 10 20 30 40 50
Frequency (MHz)
backscattered signal, or by using several transducers with Voxi
different central frequencies. S “Hou(—2k) oo(— 2K
with
C. Extraction of structural information on the a’ 1| ,Sin Zkja—2k;a cos Zkia‘ 2
aggregation level from backscattering experiments op(—2ki) = -5~ (kia)"C*|3 (2ka)’ ‘ :
i
In Fig. 5, mean results of backscattering experiments (29

obtained by Yuan and Shuhgre presented for porcine
whole blood, circulating in a laminar shear flow, at a low
hematocritH =4.5%. Thein vitro model, used by these au-
thors, allowed to control the flow rate inside a cylindrical
tube and consequently to modulate the aggregation level of §2
the red cells by changing the mean shear rate. Five different S"®°Y=1+(W- 1)exr{ - ?A‘z), (20
transducers were used to study the frequency dependence of 0
the backscattering coefficient. Mean backscattering coeffigjth f,=c/4ra=49 MHz for porcine red blood cells.
cients measured for mean shear rates 02 $0 s * and 22 A nonlinear regression on the parametéw,A} was
s ! are showr(the plasmatic fibrinogen concentration, a pro- performed by minimizing the mean quadratic erdgw,A)
tein that affects the level of aggregation, was kept constant @fetween the theoretical and the experimental values. It is a
210 mg/dl in the three experimeité\s expected, at a fixed two variables optimization problem that consists in minimiz-
frequency, the backscattering coefficient decreased when thgy 5 |east-square criterion:
shear rate increased. The spectral slope is 4 at a shear rate o? 1
22 s ' and decreases with decreasing shear(gwer law JW,A)= > (S —Sheon2
fitting between 3.5 MHz and 12.5 MHz gives a mean spec- M5
tral slope of 3.7 for 108!, and 3 for 2 §1). 1 y p s

To assess the aggregation state of the red cells for these = > (§-1—-(W-1)e fiZed 52 (21)
flowing conditions, a regression method was used to estimate F
the parameter$V and A. The analytical expression of the The Nelder—Mead simplex algorithm was used to
structure factor obtained by the model was fitted to experiggye this nonlinear regression problem. The estimates

mental structure factors derived from experimental measurq{\;v A} and the minimal valud, ;= J(W A) correspond to
1 min 4

ments of backscattering coefficients. the best prediction errad2 . The resulting curves of the

) Supposing that the experimental_backscattering f:oefﬁfrequency dependence of the backscattering coefficient ap-
cients{xi}i-1.m, were measured &l different frequencies pear in Fig. 5

{fi}i—1.m,, the corresponding experimental structure factors  Taple || gives the numerical values of the aggregation
{Si}i—1.m, can be computed by using E¢). Noting k;  parameters obtained by this fitting procedure. The aggregate
=2mf;/c the sequence of wave numbers, one obtains: spatial extentr and the packing factdd are both decreasing

If the blood sample is characterized by the structure fac-
tor W and the size factod, the theoretical structure factors
at the same frequencies should be given by Ea):
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TABLE II. Estimated values of the aggregation parameters corresponding to
experimental data obtained by Yuan and Sh(Rgf. 6).

Shear ratds™) W A ola error J¥2
2 305 0.31 4.6 21

10 17.6 0.51 2.8 0.8
22 3.7 400 0 0.5

with the shear rate. The hypothesis of the disruption of the
clusters with an increase of the shear forces is compatible
with this tendency.

To reconstitute the aggregate morphology, the three vari-
ables{n.,o.,D} are required, but the nonlinear regression
only supplies two factors. In order to estimate the moments
n. and o, of N, the fractal dimensiol is supposed to be
known. The estimated mean numb®rof red cells per ag-
gregate and the polydi;s\pers@ are computed by using the
two relationsW= A+ (o2/fy) and A= (1/\2) (A, — 1) P.
Table Il gives the resulting values af and o, for different
fractal dimensions. Some fractal dimensions do not always
allow the inversion of the relation, which shows that they
may not be physically possible. For a shear rate of 130 g FIG. 6. Arealization qf the Nequn—Scott process for fit_ted parameters

~D . . ] o. ando, corresponding to experiments with blood flowing at a shear rate
€.9.,0¢ IS found neg?tlve f_O'D:‘?" the aggre_gates must of 2 s and a hematocriH=4.5%. The fractal dimensio® is 3. The
have a lower fractal dimension than 3. For a hlgh shear rat&jmulation was generated in a cube with dimensions of 260
the fractal dimension has a low impact because the size of
the ?’%\?;g-]gitr%zrggr?;ﬁese:ﬂ?!ﬁons of the NSP are generateﬁens’ that create the fluctuations of impedance, are all similar

. . - In shape, and that their relative positioning in the scattering
to visually show the spatial organization of the red cell ag- . )
; volume results from a stationary random process. The influ-
gregates(Figs. 6, 7, 8. The random number of cells per

aggregate N.) is supposed to follow a log-normal ence of the intrinsic physical properties of the red cells on

distributiorf® with the fitted variance and mean. The chosenmg EZEE;S:E;QQ gfspse_s;?i;f ct))]Joaog Iﬁe\:\i/ggl dzsrg(rzllzei?] by
hematocrit is still 4.5%. For these simulations, we hypoth- 9 b P P

esized that at a shear rate of 2!sthe clusters are more the range of classical imaging frequencies. The influence of
compact and thus have a fractal dimension close to 3,
whereas that for a shear rate of 10',sD is smaller(simu-
lation is generated fob =2). When the shear rate is 22%s

the fractal dimension does not influence the structure be-
cause most of the aggregates are disruptee=().

D. Summary of the basic assumptions of the model,
its strengths and limitations

In this study, blood is considered as a medium with
weakly varying acoustical properties, as the mismatch be-
tween the red blood cell impedance and the plasmatic imped-
ance is only 11%. This allows one to use the Born approxi-
mation to relate the frequency-dependent backscattering
coefficient to the characteristics of the spatial distribution of
acoustical impedance. It was hypothesized that the red blood

TABLE llI. First moments(meann, and standard deviatiom.) of the size
histogram as a function of the mass fractal dimen$§idor the models fitted
to the experimental data of Yuan and Shuyfgf. 6).

Shear rate  f, e n. e n, o,
(s D=1 D=1 D=2 D=2 D=3 D=3
2 5.6 40.9 22.1 79 98.3 143 FIG. 7. Arealization of the Neyman—Scott process for fitted parameters
10 3.8 7.2 8.8 8.8 23 impossible o, ando, corresponding to experiments with blood flowing at a shear rate
22 1 1.6 1 1.6 1 1.6 of 10 s* and a hematocrid =4.5%. The fractal dimensioB is 2. The

simulation was generated in a cube with dimensions of 2560
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nonlinear relation between the hematocrit and the back-
scattering coefficient cannot be predicted by the NSP. More-
over, the NSP generates clusters of points that allows cells
overlapping. When the medium is dense, this results in un-
realistic realizations. Experimentally, the linear relationship
between the backscattering coefficient and the hematocrit
was shown valitP up toH~5%. One can therefore consider
that the NSP is appropriate to model red cell aggregate con-
figurations for a hematocrit under 5%.

Despite these limitations, these results could be clini-
cally valuable in hematological laboratories to study the
erythrocyte aggregability for blood sample adjusted to a
fixed low hematocritln vitro scattering measurements with
diluted red cell suspensions can provide flow dependence of
{W,A}, and would characterize the intrinsic properties of red
cells to aggregate. It may be of interest to note that optical
microscopic observatiof of red cell aggregates, already
used in research laboratories, are also performed at these low
hematocrits for adequate morphological measurements.

One fundamental interest of the Neyman—Scott model
was to distinguish intrinsic effects of the aggregation level
FIG. 8. Arealization of the Neyman—Scott process for fitted parameters on th? backscattering .from th.e effect of hematocrit, Nc.m_
o. ando, corresponding to experiments with blood flowing at a shear rateRaYIelgh effects associated with the growth of the gyration
of 22 s and a hematocri=4.5%. The fractal dimensiob is 1. The  radius of the aggregates were related to the frequency depen-
simulation was generated in a cube with dimensions of 460 dence of the backscattering coefficient. However, to apply

inference techniques to blood characterization with more
the red cell aggregation level is investigated by modeling thé)hysmloglcal hem_at_ocnt&around 45% to predict phy3|c_al
parameters describing the aggregation process, spatial sto-

spatial densityN(x) of the red cell positions by the _ .
Neyman—Scott point process. The complexity of modelingChaSt'C processes that can both describe dense and aggrega-

N(x) in physiological conditions comes from two reasons.t've.mefj'a will have to be studied for mode_lmg.red cel
First, the high density of the red cellabout 5% 10° mm) positioning. Unfortunately, more complex estimation tech-

representing a normal hematocrit around 45%, imposes in{]iques are required to characterize them because sp_ectral
portant restrictions on the random positioning of the red celiProperties of such random processes may not be analytically

because of their nonoverlapping. Second, the reversible aé:?ICUIated'
gregation process favors the creation of groups of red cells
with varying morphologies. The NSP provides a statisticalv' CONCLUSION
description of the aggregates by characterizing their number  Ultrasound backscattering properties of blood are depen-
of cells and their spatial extent. The main advantage of thelent on the packing state of the red cells. It would be of
NSP is the fact that it allows the analytical computation ofinterest to use this dependence to quantitatively measure the
the Fourier spectrum dfi(x), which directly gives the fre- erythrocyte aggregation level by acoustical means. To reach
quency dependent structure factor. It gives a parametrithis goal, a clear understanding of the relation existing be-
model to the frequency dependence of backscatter experiween the variables describing the aggregation state and the
mental data, and provides meaningful morphological featurebackscatter data must be found. Most of the previous theo-
of the aggregates{\V,A} or {n.,o.} when the fractal di- retical studies intended to clarify the hematocrit-dependence
mensionD is known), that are more physically relevant for of the backscattering, or concerned low frequency back-
blood characterization than the absolute value of the backscattering by non-Rayleigh red cell aggregates. However, the
scattering coefficient or the spectral slope. influence of the aggregation level on the frequency depen-
However, the simplicity of the NSP has a drawback:dence of the backscattering was not directly addressed
constraints imposed by the high hematocrit behavior are nowvhereas experimental results showed that at a low shear rate,
taken into consideration. Equatigh8) shows that the back- aggregates of red cells cannot be considered as Rayleigh
scattering coefficient evolves linearly with the hematocritscatterers even at low frequencies.
when the medium is described by the NSP. But it is known,  To extend scattering theory to aggregating red cell sus-
when the hematocrit is greater than a few percents, that thegensions, the spatial pattern due to the clustering was mod-
ultrasonic backscatter of blood tends to decrease. For nonagled by a random process. Considering that the erythrocyte
gregating red blood cellsn¢=1 ando.=0), the value of positioning is the realization of a Neyman—Scott process,
the packing factor predicted by the NSP is 1, whereas in thiand using the Born approximation, the structure factor of a
case W was show??* to be hematocrit-dependerifor  low hematocrit H<5%) but aggregative suspension of red
spherical hard scatterers, the three-dimensional Percugsood cells was predicted analytically, as a function of the
Yevick approximation yield®V~(1—H)%/(1+2H)?]. This  size distribution of the aggregates and of their mass fractal
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