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Very little is known about the blood backscattering behavior and signal statistics following flow
stoppage at frequencies higher than 10 MHz. Measurements of the radio frequency~rf! signals
backscattered by normal human blood (hematocrit540%, temperature537 °C) were performed in
a tube flow model at mean frequencies varying between 10 and 58 MHz. The range of increase of
the backscattered power during red blood cell~RBC! rouleau formation was close to 15 dB at 10 and
36 MHz, and dropped, for the same blood samples, below 8 dB at 58 MHz. Increasing the frequency
from 10 to 58 MHz raised the slope of the power changes at the beginning of the kinetics of
aggregation, and could emphasize the non-Gaussian behavior of the rf signals interpreted in terms
of the K and Nakagami statistical models. At 36 and 58 MHz, significant increases of the kurtosis
coefficient, and significant reductions of the Nakagami parameter were noted during the first 30 s of
flow stoppage. In conclusion, increasing the transducer frequency reduced the magnitude of the
backscattered power changes attributed to the phenomenon of RBC aggregation, but improved the
detection of rapid growth in aggregate sizes and non-Gaussian statistical behavior. ©2004
Acoustical Society of America.@DOI: 10.1121/1.1760791#

PACS numbers: 43.80.n, 43.80.Qf, 43.80.Vj@FD# Pages: 566–577
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I. INTRODUCTION

Blood is a heterogeneous suspension of erythrocy
leukocytes, and platelets in plasma. The scattering of u
sound by blood is mainly attributed to the erythrocytes,
red blood cells~RBCs!, because they are larger and mu
more numerous than the other blood particles~they consti-
tute around 35%–45% of the blood volume in normal in
viduals!. The phenomenon of RBC aggregation, which
known to have a determinant effect on the ultrasound ba
scattered signal intensity and spectral slope,1–3 was described
as a blood coagulating and decoagulating event more
300 years ago.4 In 1929, Fahraeus studied the sedimentat
rate of RBCs in various conditions and depicted aggrega
as the binding of erythrocytes to form rouleaux and cluste5

It is known from the contemporary literature that th
formation and breakup of aggregates depends on the sh
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ing conditions of the flow, biological factors such as the co
centration of certain plasma proteins, and cellular adhes
mechanisms.6 The rheological impacts of RBC aggregatio
on blood flow are numerous and affect both the macro-
microcirculation. Among them may be cited its effect on t
formation of sludge blood in microvessels,7 increased blood
viscosity,8 occurrence of vascular thrombosis,9 increased
flow resistance,10 increased interaction of leukocytes with th
endothelium,11 and hemodynamics.12 In addition, the ability
of blood to perform its main function, i.e., to transport ox
gen, carbon dioxide, nutrients, and metabolic products ca
affected by RBC aggregation.13,14

The main purpose of the present study was to investig
possible changes in the statistics of the ultrasound sig
backscattered by blood, at frequencies between 10 and
MHz, as a mean to characterize the dynamics of RBC ag
gation. Compared to other hemorheological methodolog
used in medicine and research, ultrasound penetrates tis
and can provide measurementsin situ.15 Mean frequencies
between 10 and 58 MHz were selected to cover a wide ra
of spatial resolutions allowing access to different ves
sizes.
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A. Statistical models and ultrasound tissue
characterization

The statistical analysis of the ultrasound radio-freque
~rf! signal and of its envelope (B-mode image! has been used
for some years as an approach to differentiate normal
pathological biological tissues. Kuc16 introduced the coeffi-
cient of kurtosis (Ku) as a mean to differentiate Gaussi
from non-Gaussian ultrasound signals. The method was
plied to characterize the rf signals backscattered by nor
livers ~Gaussian distribution,Ku53), and by fatty-infiltrated
hepatic tissues~uniform distribution, Ku,3). It may be
noted that a non-Gaussian random variable with a pea
histogram ~leptokurtic distribution! results in Ku.3. The
kurtosis coefficient of a given statistical distribution is d
fined by the ratio of the fourth central moment to the squ
of the second central moment of the random variableX

Ku5
E@~X2mx!

4#

E@~X2mx!
2#2 , ~1!

where E@ # represents the ensemble average andmx

5E@X#.
From here on, let us consider the ultrasound tim

domain rf signal as being statistically described by the r
dom variableX. Assuming that the scattering tissue is co
posed of many independent subscatterers and accordin
the central limit theorem, the backscattered echox(t) is
Gaussian distributed and the envelopeA(t) thus follows a
Rayleigh distribution.17 However, as presented in the prese
article, the above considerations may not always be v
whenx(t) comes from the backscattering of RBCs or RB
aggregates.

To consider the complexity of ultrasound backscatter
by biological tissues, and to better characterize the devia
from the Gaussian~for rf signals! and Rayleigh~for B-mode
images! distributions, other statistical models were inves
gated. TheK distribution, derived from works in optics, wa
proposed to study the effect of the concentration of scatte
on the ultrasound speckle statistics ofA(t).18 It was postu-
lated by Wenget al.18 that clustered scattering may result
non-Rayleigh distributions if one considers a small num
of scatterers per resolution cell. In their model, the envel
signalA(t) is K distributed, the probability density functio
~PDF! PK(A) is being given by

PK~A!5
2b

G~M ! S bA

2 D M

JM21~bA!, ~2!

where the two PDF parametersb andM can be expressed a
a function of the moments of theK variableA according to

b5FG~M11/2!

G~M ! G 2GS 3

2D
E@A#

and

Ku52S 11
1

M D ,

Ku being the kurtosis of the random variableA(t).
In these equations,G is the gamma function, andJM21 is the
J. Acoust. Soc. Am., Vol. 116, No. 1, July 2004
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modified Bessel function of orderM21. By considering
A(t)5ux(t)u, one can derive the following relationship:19

Ku53S 11
1

M D , ~3!

whereKu is the kurtosis of the random variablex(t). When
M becomes large, theK distribution is equivalent to the Ray
leigh distribution, i.e., the envelope signal PDF obtain
whenx(t) is Gaussian.

Very interestingly, it was shown that the parameterM
~effective number density! of theK distribution is physically
related to the nonuniformity in scattering cross sections~n!
and to the number of particles in the scattering volume (N),
determined by the beam cross section and length of the i
dent pulse20

M5N~n11!, n.21. ~4!

It may be worth mentioning that the parametern was unfor-
tunately not explicitly defined in the above article. For h
man blood at a typical hematocrit of 40%, RBC counts a
4.6– 6.23106 particles per ml for man, and 4.2– 5.43106

per ml for woman.1 Thus, becauseN is very large in a given
range cell and because each RBC has a similar acoustic
pedance, changes in the number of particlesN should play a
minor role in affecting the statistics of the backscattered e
oes, for the experimental conditions of the present study

Using simulations, Narayananet al.21 tested the range o
validity of the Rayleigh probability distribution of theB
mode signal (A(t)). Non-Rayleigh histograms were chara
terized by theK distribution parameters. As the scatterin
cross sections became more random (n→21), the effective
number densityM was shown to decrease. In the same stu
the effect of the scatterer’s density~number of scatterers pe
unit volume! on the departure from the Rayleigh histogra
was experimentally verified in a phantom~theK distribution
functions were plotted for estimatedM values of 0.076,
0.707, and 3.940!. In vivo, the effective number of scatterer
M was used to identify breast tumors,20 and to study breas
and liver tissues.22,23 Equation ~3! of the K distribution
model was also considered to characterizein vitro non-
Gaussian Doppler signals from a suspension of calf RB
~no aggregation! circulating through a severe stenosis.24 The
clustering of RBCs caused by the acceleration of the flow
the stenotic jet was suggested as a mechanism to explain
non-Gaussian behavior of the backscattered signalsKu

.3). A link can thus be made between Eq.~4! and the phe-
nomenon of RBC aggregation, where broad ranges of s
terer’s size~parametern! may exist depending on the flow
conditions.

Other probability distributions were proposed in the fie
of ultrasound tissue characterization to consider the spa
correlation of complex heterogeneous tissues. These ar
troduced here because they may complement the informa
provided by theK distribution. The Rician,25 homodyned
K,26 gamma,27 and Nakagami28 distributions were adapted
from the literature in other fields, and used to character
the envelope of the ultrasound~US! backscattered signal
The Nakagami distribution is relatively simple to charact
ize and has a PDF given by
567Cloutier et al.: Ultrasound statistics and power by blood
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PN~A!5
2mmA2m21

G~m!Vm e2mA2/V, ~5!

whereG is the gamma function,V5E@A2# is a scaling fac-
tor computed from the envelopeA(t), andm, the Nakagami
parameter, is given by

m5
E@A2#2

E@~A22E@A2# !2#
. ~6!

If one considers a large number of scatterers it is, by defi
tion, greater than or equal to12. As reported in the literature
m is greater than one for a quasiperiodic half-wavelen
spacing of particles, whereas for structures showing so
level of organization it is between12 and one.28 For m51, the
Nakagami distribution is equivalent to the Rayleigh distrib
tion, which corresponds to the case ofx(t) being a Gaussian
signal scattered by randomly located particles. Because s
level of spatial correlation among scatterers may be expe
for blood with RBC aggregation,29,30 the Nakagami param
eterm may be of interest to study the backscattered signa
blood.

B. Objectives and hypotheses

In the present study, the first objective was the analy
of the non-Gaussian statistical properties of the backscatt
echoes by blood by using the coefficient of kurtosis (Ku) of
the rf signalx(t), and the Nakagami parameter (m) of the
envelopeA(t) obtained by the Hilbert transform ofx(t). It
was hypothesized that the effective number density of s
terers @parameterM of the K distribution model, Eq.~4!#
should decrease during the formation of RBC aggregates
cause of the presence of disparity in aggregate’ sizes wi
the volume of interest (n→21). This should be reflected b
an increase ofKu above 3 during the kinetics of aggregatio
@Eq. ~3!# because of the nonhomogeneity of the scatter
crosssections induced by the formation of RBC clusters~for
simplicity, RBC aggregates are considered as the basic s
tering units for this study!. Another hypothesis justifying the
use ofm @Eq. ~6!# is the possibility of identifying regularity
in the aggregate structures~if m.1 or 1

2<m,1). A second
objective of this study was to extend, to higher frequenc
experimental measurements related to changes in b
echogenicity during the kinetics of RBC aggregation.31 In
the study by Qinet al., horse blood was used and the fr
quency was limited to 10 MHz.

II. METHODS

A. Description of the flow model

All experiments were performed in the steady flo
phantom of Fig. 1. The flow model was composed of a p
staltic pump that circulated human blood from a bottom r
ervoir to a hermetically closed top reservoir. The height d
ference between both reservoirs determined the flow rat
the main conduit~measurement chamber!. The pressurization
of the top reservoir allowed damping of oscillations pr
duced by the pump. A magnetic stirrer was used to conti
ously mix blood in the top reservoir, thus eliminating th
sedimentation of RBCs and contributing to the disaggre
568 J. Acoust. Soc. Am., Vol. 116, No. 1, July 2004
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tion of rouleaux before entering the descending conduit. T
entrance length between the top reservoir and measure
chamber was greater than 22 cm~the distance from the on
off valve was 12 cm!. A cannulating type flow probe~Caro-
lina Medical Electronics, model EMPCO 300 AP1 1/16! was
inserted into the tubing to measure the flow rate in the m
surement chamber with an electromagnetic flowmeter~Clini-
flow II, model FM701D, King, N.C.!. To control the flow
rate in the main vessel, two valves were inserted in
model. The one on the left~see Fig. 1! regulated the flow in
the measurement chamber, while the right valve on the m
conduit was maintained open. This allowed adjustment of
flow ~prereduction flow rate! before totally closing the right
valve to promote RBC aggregate formation~flow stoppage!.
Hot water was circulated within the double walls of the bo
tom and top reservoirs to regulate the temperature of bloo
37 °C.

A closeup view of the measurement chamber is
scribed in Fig. 2. The main wall-less flow conduit, of inn
diameter of 1.6 mm, was made by pouring agar gel aroun
rigid cylinder maintained on both sides by holes ma
through the walls of an acrylic box. Following the hardeni
of the gel, the bar was removed to create the lumen.
acoustic window was made in the agar block, in front of t

FIG. 1. Schematic representation of the flow loop model used to study
backscattered power and statistics of the ultrasound radio frequency~rf!
signals backscattered by blood during the kinetics of red cell aggre
formation.
Cloutier et al.: Ultrasound statistics and power by blood
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ultrasound transducer, to adjust the position of the probe.
focused transducer was at 90° with respect to the flow c
duit, and the focal point matched the center of the wall-l
vessel. The agar gel within an acrylic box and the transdu
were immersed in distilled water~room temperature! filling
another acrylic container. Connectors allowed the coup
of the measurement chamber with the rest of the flow ph
tom. The method used to produce the agar gel was descr
earlier.32 The gel was made by mixing 3 g of agar powder
~Sigma Chemical, high strength agar No. A-6924! with 8 ml
of glycerol and 86 ml of distilled water at room temperatu
The mixture was then heated at ebullition and progressiv
cooled to provide hardening. The speed of sound in the
lidified gel was close to that of biological tissues~1540 m/s!.

B. Blood preparation

Human whole blood and human RBCs, washed and
suspended in saline solution~no aggregation!, were used as
ultrasound scatterers. The donors were patients suffe
from pathologies requiring recurring bleeding of appro
mately 450 ml. The patients entered into one of these cate
ries: porphyry, hemochromatosis, and polycythemia v
~Vaquez’ disease!. To our knowledge, these pathologies a
not associated to morphological or structural modificatio
of the RBC membrane, nor to significant changes in
plasma composition. Consequently, it was assumed tha
rheology of RBC aggregation was that of normal hum
blood. Following oral approval by the patient, blood wit
drawal was done at the University of Montreal Hospital.

All experiments were done within 24 h of blood colle
tion. For whole blood experiments, the samples anticoa
lated with ethylenediamine tetra acetic acid~EDTA! were
centrifuged for 20 min at 2300 rpm to separate plasma fr
blood cells, and the hematocrit was adjusted to 40%.
hematocrit was measured by microcentrifugation at 15
rpm for 10 min. For some experiments, the aggregation
RBCs was prevented by using washed erythrocytes. Foll
ing the first centrifugation, the plasma was removed and
placed by an isotonic saline solution~Celline II™!. After

FIG. 2. Closeup schematic description of the measurement chambe
J. Acoust. Soc. Am., Vol. 116, No. 1, July 2004
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mixing blood, centrifugation was performed again. This p
cedure was repeated twice to ensure that all plasma pro
responsible for the aggregation were removed. At the e
the washed erythrocytes were mixed with the Celline II s
lution at a hematocrit of 40%. A volume of approximate
350 ml of blood was necessary to fill the flow model. Befo
recording any data, the blood sample was introduced in
phantom, and circulated for approximately 1/2 h to elimina
air bubbles and to raise blood temperature to 37 °C.

For each experiment, a blood sample of 1.5 ml w
taken from the flow model to measure the aggregation. T
erythrocyte aggregation level was determined with a v
dated erythroaggregameter~Regulest, France! based on a
Couette flow configuration.33 The instrument provides mea
surements on the aggregation kinetics following flow sto
page, and on the shear rates necessary to partially or to
break RBC rouleaux. A list of aggregation indices measu
with this instrument is provided in Sec. III. Blood viscosi
measurements were also performed with a cone–plate
ometer ~Brookfield, MA, model LVDVIII-CP-42, cone
angle51.56°). One ml of blood was withdrawn from th
flow model and sheared from 288 to 1s21 in the rheometer.
At each step shear rate, 30 s were allowed to obtain a ste
state of viscosity. Measurements were discarded if the tor
of the instrument, at a given shear rate, was not high eno
to produce repeatable results.

C. Hemodynamic conditions

An analytical biomechanical model was used to det
mine the velocity profile and thus the shear rate condit
before stopping the flow in the phantom. This was requi
because no measurement of velocity profiles could be
formed in the small vessel considered (diameter51.6 mm).
For the case of a laminar non-Newtonian steady flow in
rectilinear tube, the velocity profileV(r ) of an incompress-
ible fluid can be defined by the following equation:34

m
]V

]r
5

1

2
r

]P

]z
, ~7!

wherem is the dynamic viscosity of the fluid,r is the radial
position within the tube,z is the longitudinal distance alon
the tube, and]P/]z is the pressure gradient. Since blood is
non-Newtonian fluid, its viscositym varies as a function of
the shear rate]V/]r . For m5 f (]V/]r ), one can note tha
the above equation only depends onV(r ). As mentioned
earlier, the dynamic viscositym was measured for each bloo
sample by using a cone–plate viscometer.

Knowing the relationm5 f (]V/]r ) from experimental
measurements and the prereduction flow rate that was s
40 ml/min for all experiments, the numerical solving of E
~7! is straightforward. For a given pressure gradient]P/]z,
there is only one solutionV(r ) that corresponds to the limi
conditions of the problem. A dichotomic iterative metho
was used to solve Eq.~7!. For a fixed value of]P/]z, V(r )
and the related flow rate were calculated. If the flow rate
not match the experimental value of 40 ml/min,]P/]z was
569Cloutier et al.: Ultrasound statistics and power by blood
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changed andV(r ) was recalculated. When the solution w
found, the mean and maximal shear rates were estimate
follows:

ḡ5
2

R2 E
0

R ]V

]r
r dr

and

gmax5
]V

]r U
r 5R

, ~8!

whereR is the radius of the tube.

D. Ultrasound transducers

The ultrasound signals were collected with three focu
transducers with mean frequencies at 10, 36, and 58 M
The descriptions given below were provided by the ma
facturers. For all transducers, the frequency response
measured in water, at room temperature, by using a flat
flector positioned at 90° with respect to the probe. T
pencil-type piezoelectric~PZT! narrow-band 10 MHz trans
ducer had a diameter of 3 mm, a focal length at 15 mm,
a bandwidth at26 dB ranging from 7.6 to 12.4 MHz~Etalon
Inc., Lebanon, IN!. Two wideband polyvinylidene flouride
~PVDF! transducers were used to collect data at higher
quencies ~Visualsonics, Toronto, Canada!. The 36 MHz
transducer had a diameter of 3 mm, a focal length at 6 m
and a bandwidth ranging from 18 to 54 MHz at26 dB. The
probe at 58 MHz had a diameter of 2 mm, a focal length a
mm, and a bandwidth of 30–77 MHz (26 dB).

E. Data acquisition

Two different pulser–receiver instruments were used
collect the rf ultrasound data at a pulse-repetition freque
~PRF! of 1 kHz. A Panametrics system~model 5900 PR,
Waltham, MA! was used to transmit negative impulses to
10 MHz transducer. The echoes backscattered by bl
within the vessel lumen were amplified and filtered betwe
1 and 20 MHz by the Panametrics receiver. An ultrasou
biomicroscope~Visualsonics, model UBM VS40! was used
to pulse the high-frequency transducers with bipolar squ
waves ~the frequencies available were 19, 25, 40, or
MHz!. The biomicroscope was operated in rf mode. To
cilitate the experiments, the probe was not fixed to the m
ing scan head during recordings of data. The 36 MHz tra
ducer was fired at 19 MHz and a bandpass filtering betw
5 and 40 MHz was applied to the received echoes. The
citation frequency was 55 MHz and the bandpass filter c
ered the range of 30–80 MHz for the 58 MHz transduc
For experiments performed with the ultrasound biomic
scope, the excitation frequencies and bandpass filtering
ues were selected to reduce overlap in the frequency
sponse of the backscattered ultrasound signals.

The PRF trigger at 1 kHz of the Panametrics and Vi
alsonics systems were used to synchronize the acquisitio
the backscattered echoes by an 8-bit Gagescope acquis
board~model 8500 CS, Montreal, Canada!. The rf signal was
digitized at 500 MHz by using the following multiple recor
570 J. Acoust. Soc. Am., Vol. 116, No. 1, July 2004
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acquisition strategy. Ten successive echoes from within
vessel lumen were acquired and stored into the memor
the Gagescope~typically 750 samples or 1.5ms of data were
acquired from a window centered with the tube axis for ea
excitation pulse separated by a duration of 1 ms!. A delay of
3 s was allowed between each record of ten echoes to tr
fer the data to a microcomputer. This process was repe
for a duration of 1 min before stopping the flow, and f
more than 6 min during the process of RBC aggregate
mation. For each blood sample studied, measurements
performed with the three transducers. The selection orde
the probe frequency was randomly chosen to avoid time
fect in the interpretation of the results. For a given blo
sample and probe frequency, measurements were repe
five times for averaging purposes. A total of six experime
with different blood samples were performed~three whole
blood and three saline suspended RBC experiments!.

F. Kurtosis and Nakagami estimates and confidence
intervals

Having obtained a finite numberNs of random samples
@X1 ,...,XNs# that satisfies the same PDF@computed from the
rf signal x(t) or envelopeA(t)], one wants to assess th
kurtosis and Nakagami parameters of the underlying dis
bution of X. The empirical mean

M15
1

Ns
(
i 51

Ns

Xi , ~9!

and the central empirical moments

Mk5
1

Ns
(
i 51

Ns

~Xi2M1!k ~10!

are first defined. They are biased estimators of thekth central
moments ofX for k.1. The two random quantitiesK̂u and
m̂ given by the equations

K̂u5
M4

M2
2 ~11!

and

m̂5
~M21M1

2!2

1

Ns
(
i 51

Ns

~Xi
22M22M1

2!2

, ~12!

are then estimators of the kurtosis and Nakagami parame
that are used from now. Considering thatK̂u andm̂ can take
random values around the realKu and m, a convenient
method must be used to interpret them and to assess
robustness.

The estimatorK̂u was used to test if the random signalX
was effectively Gaussian. LetH0 be the hypothesis ‘‘X is a
Gaussian variable.’’ UnderH0, K̂u has a certain PDF, which
is independent of the mean and standard deviation ofX but
dependent onNs . Using many Monte Carlo simulations o
unit centered normal variables~in our case, 10 000 simula
tions ofNs Gaussian variables!, the histogram ofK̂u and the
Cloutier et al.: Ultrasound statistics and power by blood
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TABLE I. RBC aggregation indices measured with the erythroaggregameter at 37 °C. The hematocrit wa
for all measurements.

RBCa

aggregation
indices

Washed human
RBCsa

(n53)
Calf bloodf

(n510)

Human
blood

(n53)

Normal human
bloodf

(n519)

tA ~s!b 3186108 N/Ag 3.360.5 2.960.8
S10 ~no unit!c 10.7060.04 N/Ag 1962 2363
gD (s21)d 1863 23613 40616 4964
gS (s21)e 2066 27616 102639 119618

aRed blood cell.
bAggregation time.
cAggregation index at 10 s.
dPartial dissociation shear rate.
eTotal dissociation shear rate.
fData reproduced from Ref. 35.
gNot available.
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95% confidence intervalG1(Ns) for the valueuK̂u23u ~the
absolute error of estimation! were computed under the hy
pothesisH0:

P~ uK̂u23u<G1~Ns!uH0!50.95. ~13!

Using measured data, if the estimated kurtosisK̂u did not fall
inside the interval@32G1(Ns); 31G1(Ns)#, then the hy-
pothesisH0 of normality of the random samples was r
jected.

A similar approach was used to test if a given rand
positive signal envelope satisfied the Rayleigh distribut
by using the Nakagami parameter that is theoretically on
this case. TheNs dependent PDF ofm̂ was estimated by
using many simulations of Rayleigh variables and the
pothesisH1: ‘‘ X is a Rayleigh random signal’’ was consid
ered. One can then extract a value forG2(Ns), the 95%
confidence interval of the error of estimationum̂21u

P~ um̂21u<G2~Ns!uH1!50.95. ~14!

In the case thatm̂ differed from 1 by more thanG2(Ns),
then the hypothesisH1 was rejected.

III. RESULTS

A. Aggregation levels

Table I summarizes the aggregation indices measu
with the erythroaggregameter. The third and last colum
show results reported in the literature for calf blood~no ag-
gregation!, and normal human blood collected from youn
healthy volunteers.35 It is well known that bovine blood doe
not form RBC aggregates. The instrument provided meas
ments of aggregation indices following flow stoppage (tA in
seconds andS10 no unit!, and shear rate values necessary
break rouleaux (gD andgS in s21). The parametertA is the
aggregation time,S10 is the aggregation index at 10 s, an
gD andgS are the partial and total dissociation shear rat
respectively. A complete description of those indices can
found elsewhere.36 The aggregation kinetics is inversely pr
portional totA. In other words, a low value oftA indicates
rapid formation of RBC aggregates. On the other hand,
values ofS10 indicate a slow kinetics, and smallgD andgS
signify fragile aggregates. As observed in Table I, very litt
if any aggregation, was found for the washed human ery
, Vol. 116, No. 1, July 2004
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rocytes (gD andgS are similar to values measured for ca
blood!. For the human blood samples, the parameters w
close to the data reported earlier by our group for heal
subjects.35 This indicates that the levels of aggregation me
sured for the patients with porphyry, hemochromatosis,
polycythemia vera were similar to those of normal hum
blood.

B. Hemodynamic conditions

As discussed earlier, the solution of Eq.~7! for V(r )
provided an estimate of the hemodynamic flow conditio
before closing the valve to promote the formation of RB
aggregates. The dynamic viscositiesm, measured for each
experiment, were used in this equation. The non-Newton
property of blood did not affect the velocity profiles for th
conditions of the present study. For instance, the estimate
V(r ) were very similar for whole blood (n53) and RBC
suspension (n53) experiments. The velocity profiles (n
56) were parabolic with mean velocities of 34.460 cm/s
@mean6standard deviation, the standard deviation is zero
cause the mean velocity is computed from the prereduc
flow rate that is imposed in the model of Eq.~7!#, maximum
centerline velocities of 68.660.2 cm/s, mean shear rates
117060 s21, maximum shear rates at the wall of 175
66 s21, and Reynolds numbers of 182613 ~laminar flow!.
For the entrance length considered in Fig. 1 (.12 cm), fully
developed parabolic flow profiles were expected since
non-Newtonian effects are nonsignificant. According to the
shear rate values, it is reasonable to postulate that all R
aggregates were disrupted before stopping the flow.

C. Power and frequency content of the backscattered
signals

Figure 3 presents the rf backscattered power variati
following flow stoppage for both RBC suspension and wh
blood experiments. The backscattered power was comp
from the time domain signal by summing the squared val
of the rf signalx(t) over the time window considered~10
ms, ten records of 1.5ms separated by time intervals of
ms!. The results are shown for transducer mean frequen
of 10, 36, and 58 MHz. For all measurements, the backs
tered power before stopping the flow~at t50) was averaged
571Cloutier et al.: Ultrasound statistics and power by blood
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FIG. 3. Relative changes in the ultra
sound backscattered power for huma
RBCs suspended in saline and huma
whole blood at a hematocrit of 40%
and a temperature of 37 °C. The me
surements were performed with thre
transducers at mean frequencies of 1
36, and 58 MHz. The standard error
are only displayed for selected time
to reduce the density of the graphs (n
515; three blood samples and fiv
measurements per sample!.
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and set to one to facilitate comparisons. For RBC susp
sions, a slight increase of the backscattered power~below 1
dB! was observed at 10 MHz following flow stoppage. At 3
and 58 MHz, the power dropped rapidly after flow stoppa
by factors of approximately 1.7 times (22.2 dB) and 2.2
times (23.5 dB), respectively, after more than 6 min of flo
stoppage. For human whole blood, much larger change
backscattered power were observed during the kinetics
RBC aggregate formation. At 10 MHz, the power increas
26-fold ~14.2 dB! between 0 and 410 s. At 36 MHz, the ra
of increase of the backscattered power, between 0 and 7
was much faster than at 10 MHz. The maximum reach
after 70 s corresponded to changes in backscattered pow
more than 15 dB~32 times!. A reduction of the power by
approximately 2 dB was noted following the maximum. T
rate of increase of the power was similar between meas
ments at 36 and 58 MHz, for the first few seconds followi
t50. However, at 58 MHz, the plateau was reached ear
and the power increase was below 8 dB~6.3 times!.

To allow comparisons of the frequency bandwidths m
sured in water with the three transducers~as provided by the
manufacturers! to those obtained from the flow model, th
power spectra of the rf backscattered signals at the end o
kinetics of aggregation were computed. For each transdu
an average spectrum was evaluated from the spectra of
rf lines ~10 rf lines310 records separated by 3 s between 384
and 414 s35 measurements per sample33 blood samples!.
Figure 4 combines the results for the three transducers.
mean frequencies within220 dB of the main lobe were
respectively, 11, 22, and 42 MHz, which is similar to
lower than the mean values of 10, 36, and 58 MHz measu
in water with a flat reflector. The frequency chosen for t
transmitted pulses, the bandpass filters selected,
frequency-dependent attenuation of blood, and artifacts
duced by the measurement chamber can explain the di
ences. For RBCs suspended in saline, the mean freque
were 11, 23, and 47 MHz, respectively~results not shown!.
The lower frequency-dependent attenuation in the absenc
RBC aggregation can explain the higher mean frequen
obtained for RBC suspensions with the two highest f
quency transducers. From here on, to avoid ambiguity,
transducers are still designated as the 10, 36, and 58 M
probes.

D. Coefficient of kurtosis

Figure 5 describes the coefficients of kurtosis as a fu
tion of time for both RBC suspension and whole blood e
572 J. Acoust. Soc. Am., Vol. 116, No. 1, July 2004
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periments at 10, 36, and 58 MHz. Similar results were o
tained for both types of blood. To this matter, the formati
of RBC aggregates following flow stoppage did not affe
significantly the estimates of the coefficients of kurtosis.
10 and 36 MHz, Gaussian rf signals withK̂u close to 3.0
were observed for both types of blood~most values were
within the confidence interval!. Increasing the transducer fre
quency to 58 MHz raised the values ofK̂u slightly above the
Gaussian limit.

Since it was hypothesized that disparity in scatterer si
within the volume of interest may produce non-Gauss
scattered signals, the coefficients of kurtosis were reco
puted by considering four window durations for which d
ferent ranges of aggregate sizes would be expected.
same strategy was also applied for the suspensions of R
but as expected, changing the window length had no ef
on the values ofK̂u ~the results are not shown but they we
similar to those of Fig. 5—left panel!. Window durations of
12, 30, 42, and 60 s were considered. Increasing the win
length systematically emphasized the non-Gaussian beha
of the backscattered signals for human whole blood, wh
ever the frequency (K̂u progressively increased for large
windows!. From here on, only the results for a window d

FIG. 4. Normalized power density spectra of the rf signals backscattere
human whole blood at a hematocrit of 40%, and a temperature of 37
The maximum of each mean spectrum was normalized to 0 dB. The m
surements were obtained from the flow phantom of Fig. 1, by using th
different transducers. The 10 MHz transducer was fired by negative
pulses, whereas the 36 and 58 MHz probes were excited by bipolar sq
pulses at 19 and 55 MHz, respectively.
Cloutier et al.: Ultrasound statistics and power by blood
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FIG. 5. Coefficient of kurtosis (K̂u) for human RBCs suspended in saline and human whole blood at a hematocrit of 40%, and a temperature of 37 °C

window of 10 ms was considered for the computation ofK̂u . The measurements were performed with three transducers at mean frequencies of 10,
58 MHz. The standard errors are only displayed for selected times to reduce the density of the graphs (n515; three blood samples and five measurements
sample!. The horizontal lines correspond to the confidence interval of the estimates@36G1(Ns), as defined by Eq.~13!#.
. 6
e
n
h
en

o
er

e
a
c

na
. A

-

e
o
w
ll
r

te
e
o
w
si
e
tio
-
As
in

ig

a-

BC
fi-

re-
an

f 1
ay
re-

the
. 3,
2.2
ing

it
red

ee
rrors
phs
ration of 42 s are presented. At 10 MHz, as shown in Fig
a significant increase ofK̂u to 3.8 was observed during th
first few seconds following flow stoppage. Between 120 a
420 s,K̂u values were close to the confidence interval. T
non-Gaussian effect was largely amplified at higher frequ
cies. Maximum averaged values ofK̂u close to 5.4 were
obtained at 36 and 58 MHz. For the three frequencies c
sidered, the peaks ofK̂u occurred between 18 and 27 s aft
flow stoppage.

E. Coefficient of Nakagami

According to Fig. 7, the information conveyed by th
coefficient of Nakagami seems to be very similar to th
provided by the coefficient of kurtosis. For instance, ea
panel of Fig. 7, obtained from the instantaneous rf sig
envelopes, is close to a mirror of that presented in Fig. 5
a given time instant and frequency, an increase ofK̂u corre-
sponds to a similar reduction ofm̂, and vice versa. As re
viewed in Sec. I, a Gaussian rf signal givesm51. For the
human erythrocytes suspended in saline, the rf signals w
Gaussian at 10 and 36 MHz. At 58 MHz, the same blo
samples resulted in non-Gaussian backscattered signals
m̂ close to 0.7. For whole blood, the rf signals were genera
Gaussian except for some results at 10 and 58 MHz. Surp
ingly, non-Gaussian behavior was found at 10 MHz af
approximately 100 s of flow stoppage. Figure 8 summariz
for human whole blood, the results of the coefficients
Nakagami for a window of 42 s. Increasing the windo
length emphasized the non-Gaussian property of the rf
nals, especially at 36 and 58 MHz. The increase in the siz
aggregates during the first few seconds of rouleau forma
clearly reduced the values ofm̂. The minimums reached af
ter 10–25 s following flow stoppage were below 0.4.
reported before for the coefficient of kurtosis, using a w
dow of 42 s~or any others between 12 and 60 s! had very
little effect on m̂ for the RBC suspension experiments~the
results are not shown but they were similar to those of F
7—left panel!.
J. Acoust. Soc. Am., Vol. 116, No. 1, July 2004
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IV. DISCUSSION

A. Ultrasound backscattered power variations

The following discussion intends to provide an explan
tion for the results of Fig. 3~left panel!. It is known that flow
disturbance can increase the echogenicity of R
suspensions,37,38 if the number density of scatterers is suf
cient to provide variance in their spatial distribution~that
variance affects the packing or structure factor!. Changes in
echogenicity on the order of 3–5 dB were reported at f
quencies of 10 MHz and below, for hematocrits higher th
10%, approximately. It is not clear, in Fig. 3~left panel!, why
stopping the flow provided a slight increase on the order o
dB of the backscattered power at 10 MHz. This increase m
not be significant, considering the standard deviations
ported. A more robust explanation can be provided for
results at 36 and 58 MHz. As seen on the left panel of Fig
the backscattered power was higher by approximately
and 3.5 dB at 36 and 58 MHz, respectively, before stopp

FIG. 6. Coefficient of kurtosis (K̂u) for human whole blood at a hematocr
of 40%, and a temperature of 37 °C. A time window of 42 s was conside

for the computation ofK̂u . The measurements were performed with thr
transducers at mean frequencies of 10, 36, and 58 MHz. The standard e
are only displayed for selected times to reduce the density of the gra
(n515; three blood samples and five measurements per sample!. The hori-
zontal lines correspond to the confidence interval of the estimates@3
6G1(Ns), as defined by Eq.~13!#.
573Cloutier et al.: Ultrasound statistics and power by blood
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FIG. 7. Coefficient of Nakagami (m̂) for human RBCs suspended in saline and human whole blood at a hematocrit of 40%, and a temperature of 3
time window of 10 ms was considered for the computation ofm̂. The measurements were performed with three transducers at mean frequencies of 10,
58 MHz. The standard errors are only displayed for selected times to reduce the density of the graphs (n515; three blood samples and five measurements
sample!. The horizontal lines correspond to the confidence interval of the estimates@16G2(Ns), as defined by Eq.~14!#.
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the flow. This seems to indicate that a Reynolds number
low as 182 before flow stoppage, may be sufficient to p
vide variance in the RBC spatial distribution that is dete
able at high frequencies. This suggest that the use of tr
ducers at 36 and 58 MHz may improve the detection
blood flow disturbances with ultrasound, but this still nee
to be confirmed. Very interestingly, Lookwoodet al.39 re-
ported an increase by 1.6 times of the backscattering co
cient at a mean frequency close to 50 MHz when the flow
a phantom was increased from 18 to 36 cm/s. Flow tur
lence was then postulated as a possible mechanism to ex
the backscattered power increase~RBC aggregation was pre
vented in these experiments!.

Very little is known about the backscattering of ultr
sound by whole blood at high frequencies.3,40 To our knowl-
edge, the kinetics of RBC aggregation following flow sto
page has never been studied at frequencies higher tha
MHz.31,41,42According to Fig. 3~right panel!, increasing the
ultrasound frequency seemed to improve the sensitivity
the method to rapid changes in RBC aggregate sizes by
creasing the time response of the US power. On the o
hand, it can be observed in Fig. 3 that the range of varia
of the backscattered power during the kinetics of aggrega
was much lower at 58 MHz~8 dB! then at 36 MHz~15 dB!
or 10 MHz ~14.2 dB!. Although only one human blood
sample was analyzed in their study, Fosteret al.3 also no-
ticed a lower sensitivity to the phenomenon of RBC agg
gation at high frequency. For instance, by studying the ba
scattering coefficient as a function of the shear rate
frequency they observed, at 35 MHz, a 14.3 dB variat
between 0.1 and 100 s21, and a variation of only 2.9 dB, fo
the same range of shear rate, at 70 MHz. Very recent si
lation results29,43 predicted the reduced sensitivity of U
backscattering to the phenomenon of RBC aggregation
high frequency. The reduction of the sensitivity was attr
uted to a decrease of the spectral slope at frequencies a
30 MHz, approximately~the fourth power frequency depen
dence of US backscattering, which is characteristic of R
leigh scatterers, is no longer valid in the presence of R
aggregation at these frequencies; consequently, for a ste
crease in aggregate sizes, smaller power enhancement
obtained at high frequencies!.

According to the results of Fig. 3~right panel!, increas-
574 J. Acoust. Soc. Am., Vol. 116, No. 1, July 2004
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ing the frequency from 10 to 36 MHz seemed to be ben
cial for the application in hand because the rate of increas
the backscattered power for small changes in aggregate
~at the beginning of the kinetics of aggregation! was raised,
without significant reduction in sensitivity to large variation
in aggregate dimensions during the whole process of R
rouleau formation. This result is interesting and may dese
more attention. For instance, it would be of interest to de
mine which frequency between 10 and 36 MHz is optimal
detect dynamic changes in RBC aggregate sizes. The ob
vations of Fig. 3 also may be of interest to interpret t
cyclic variations in echogenicity observed at various f
quencies under pulsatile flow.44,45 Finally, this study had a
limitation that may deserve discussion. Because three dif
ent transducers with different aperture sizes, focal distan
and frequencies were used, the scattering volumes were
ferent. To allow comparison of the results, the mean ba
scattered power before flow stoppage had to be normal
to one for each transducer, and only relative backscatte

FIG. 8. Coefficient of Nakagami (m̂) for human whole blood at a hemat
ocrit of 40%, and a temperature of 37 °C. A time window of 42 s w
considered for the computation ofm̂. The measurements were performe
with three transducers at mean frequencies of 10, 36, and 58 MHz.
standard errors are only displayed for selected times to reduce the dens
the graphs (n515; three blood samples and five measurements per sam!.
The horizontal lines correspond to the confidence interval of the estim
@16G2(Ns), as defined by Eq.~14!#.
Cloutier et al.: Ultrasound statistics and power by blood
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power changes were investigated. It would have been p
erable to measure the absolute backscattering coeffic
compensated for the frequency-dependent attenuation,
the experimental setup made this difficult to do.

B. Coefficient of kurtosis

As observed in Fig. 5 for both RBC suspension a
whole blood experiments, Gaussian statistics (K̂u'3.0) were
obtained at 10 and 36 MHz when the instantaneous rf sig
were analyzed. Raising the frequency resulted in an ove
significant increase ofK̂u whatever the time instant before o
after stopping the flow. For any frequency, the formation
RBC aggregates att.0 did not affectK̂u when small time
windows were considered~the instantaneous analyses ofK̂u

were obtained from time windows of 10 ms — i.e., te
records of 1.5ms at a PRF of 1 kHz!. The Gaussian back
scattering behavior at 10 and 36 MHz can thus be interpre
from the analysis of Eqs.~3! and ~4!. For instance, the
K-distribution model stipulates that the effective number
scatterers (M53/(Ku23)) is a function of the actual num
ber of particles (N), and of the lack of uniformity of their
cross sections~n!. At a normal hematocrit of 40%~the he-
matocrit determines the value ofN), it can be concluded tha
the spatial and temporal variations in RBC aggregate s
~n! were not sufficient to reduce the value ofM for a time
window of 10 ms.

A different backscattering behavior was observed
whole blood experiments when longer windows~12–60 s!
and the unstationary RBC aggregation process were con
ered. As seen in Fig. 6 for a time window of 42 s, the no
Gaussian statistics were emphasized at 36 and 58 MHz a
beginning of the kinetics of aggregation. This suggests
ductions in the effective number of scatterers (M51.25 for
K̂u55.4) at these frequencies. The lack of uniformity of t
backscattering cross sections of scatterers is the mecha
proposed to explain the large increases ofK̂u . Similar find-
ings have never been reported in the literature on blood s
tering. According to Fig. 6, the 10 MHz probe did not see
to be as sensitive to the presence of a broad range of R
aggregate sizes within the volume of interest. Because R
leigh scattering that likely occurs at 10 MHz is theoretica
independent of the scatterer shape,1 this explains why the
transitory increases inK̂u are mainly detected at the highe
frequencies.

To our knowledge, Fontaineet al.24 were the only group
to study the statistics of the rf signals backscattered by blo
However, their study was based on nonaggregating RBC
periments. In addition, it can be mentioned that few stud
investigated the effect of the ultrasound transmitted f
quency on non-Gaussian properties of US backscattered
nals. All of them were at frequencies below 7.5 MHz. In
study by Chenet al.,19 tissue phantoms were used to demo
strate the effect of the transducer frequency, ultrasound fi
and density of scatterers on non-Rayleigh characteristic
the envelope. Deviation from the Rayleigh distribution~re-
duction of Ku) was observed when the frequency was
creased from 3.5 to 5 MHz. These results were explained
J. Acoust. Soc. Am., Vol. 116, No. 1, July 2004
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the larger ultrasound beam of the 3.5 MHz transducer~the
beam incorporated more scatterers!. In the present study, the
beam profiles were different between the 10, 36, and 58 M
transducers~the larger beam was at 10 MHz and the smal
one was at 58 MHz; the length of the range cell within t
tube was kept close to constant for all transducers!. The
larger beam may be considered as a confounding factor
could have contributed to the overall tendency toward
increase ofK̂u as a function of frequency. However, the like
lihood that this happened is small, considering the la
number of RBCs present in the sample volume~at a hemat-
ocrit of 40%!. Futhermore, it is important to emphasize th
changes in the beam width cannot explain the time variati
of K̂u observed in Fig. 6 for a given transducer since t
beam characteristics did not change over time.

C. Coefficient of Nakagami

As shown in Figs. 7 and 8, the information conveyed
the coefficient of Nakagami is very similar to that provide
by the coefficient of kurtosis. The inverse relation or cor
lation between both parameters can be appreciated by c
paring Eqs.~1! and ~6!. As introduced earlier, the literatur
suggests a quasiperiodic half-wavelength spacing of parti
for m greater than one, whereas structures showing so
level of organization should give values ofm between1

2 and
one.28 The following explanation is suggested for the resu
of Figs. 7 and 8. At 10 MHz, since the wavelength is a
proximately 154mm, the periodic spacing of RBCs or RBC
aggregates may not correspond to half or a larger fraction
the wavelength. Consequently,m̂ was close to one, sugges
ing randomly located particles whenv iewedat such a rela-
tively low spatial resolution. Surprisingly, for a tempor
window of 10 ms,m̂ reached values close to 1.4 during th
kinetics of aggregation~Fig. 7, right panel!. Since we ob-
served a lower signal-to-noise ratio at 10 MHz than at
other frequencies, this may reflect a lack of statistical robu
ness of the Nakagami estimates for the small window of
ms. Less variances in the estimates ofm were obtained for a
window of 42 s~see Fig. 8!.

When the frequency was increased to 36 and 58 M
the same spacing in the spatial organization of RBCs or R
aggregates started to be on the order of a fraction of
wavelength, as suggested by them̂ values between1

2 and
one, for both time windows of 10 ms and 42 s. Interesting
as shown in Fig. 8, the rapid growth in RBC aggregate si
between 10 and 25 s following flow stoppage momenta
reduced the Nakagami coefficient at the higher frequenc
which suggest some additional level of spatial organizati
It is important to point out here that a thorough analysis
the phase of the rf signals would be required to confirm
existence of spatial coherence among scatterers at a fra
of the wavelength, as suggested in Ref. 46. To our kno
edge, the effect of frequencies between 10 and 58 MHz
the Nakagami coefficient has never been addressed. It
be worth mentioning that the values ofm̂, 1

2 observed in Fig.
8 are probably not artifactual. The theoretical lower limit
1
2 can be violated for specific conditions~such as a smal
number of scatterers in the volume of interest!, as shown
575Cloutier et al.: Ultrasound statistics and power by blood
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earlier.28 Finally, one may be cautious with the physical i
terpretation ofK̂u andm̂, because of the inverse correlatio
between both parameters and the fact that the literature
terprets them differently (Ku is affected by the nonunifor
mity in scattering crosssections, whereasm reflects periodic
organization among scatterers; both parameters are i
enced by the number of particles in the scattering volum!.

D. Validity of the K and Nakagami probability density
distributions

The validity of theK and Nakagami PDF@Eqs.~2! and
~5!# to describe the histogram ofA(t) was tested on the dat
available. For all results in Figs. 5–8 whereK̂u'3.0 and
m̂'1.0, the experimental histogram could adequately
modeled with either theK, Nakagami, or Rayleigh PDF
However, for non-Rayleigh conditions, discrepancies w

FIG. 9. Normalized probability density distributions of the envelopeA(t) of
the rf signals backscattered by whole blood for a time window of 42 s, at

peak ofK̂u in Fig. 6 and minimum ofm̂ in Fig. 8. The data were collected
for three transducers at mean frequencies of 10, 36, and 58 MHz. Each
gives the experimental PDF and those computed from Eq.~2! (K model!

and Eq.~5! ~Nakagami model!. The values ofK̂u (K model! were 3.91, 5.40,
and 5.44, andm̂ ~Nakagami model! were 0.65, 0.39, and 0.38 at 10, 36, an
58 MHz, respectively.
576 J. Acoust. Soc. Am., Vol. 116, No. 1, July 2004
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observed between the experimental histograms and th
modeled with Eqs.~2! and ~5!. For example, Fig. 9 shows
probability density distributions ofA(t) for whole blood ex-
periments performed with a time window of 42 s, at 10–2
following flow stoppage~the data corresponding to the max
mum of K̂u in Fig. 6 and minimum ofm̂ in Fig. 8 were used
for this example!. At 10 MHz, the K PDF adequately de
scribed the experimental histogram ofA(t). As the fre-
quency was raised to 36 and 58 MHz, neither theK nor the
Nakagami distributions adequately fit the experimental
sults. This suggest that the physical conclusions extrapol
from these models@effective number density of scatterer
parameterM of Eq. ~4!; and orderliness in the spatial a
rangement of scatterers, Eq.~5!# may not be valid for some
of the experimental conditions considered here.

V. CONCLUSION

Experimental measurements of backscattered po
changes from human RBC suspensions and whole bl
were presented. The most significant power variations w
attributed to the phenomenon of RBC aggregation. The ba
scatter enhancement due to aggregation was shown to
crease with frequency, which agree with recent simulat
models.29,43 It appeared that the time response to rap
changes in scatterer sizes, from individual cells to aggreg
of a few RBCs, increased by raising the frequency of the
transducer. Among the three tested frequencies, the
compromise between the echogenicity enhancement
time response was obtained at 36 MHz.

The statistics of the backscattered signals also was
vestigated by computing the coefficients of kurtosis of the
signal and the Nakagami parameter on the signal envel
By computing the statistics over short signal segments~10
ms!, Gaussian distributions were obtained at 10 and 36 M
for both RBC suspension and whole blood experime
(K̂u'3.0 andm̂'1.0). Increasing the frequency to 58 MH
modified the statistical nature of the rf backscattered sig
to non-Gaussian distributions. By using time windows b
tween 12 and 60 s~only the results for a window of 42 s
were presented!, a significant non-Gaussian behavior, high
emphasized at the beginning of the kinetics of aggregat
was observed at 36 and 58 MHz. Although attributed to
nonuniformity in backscattering cross sections or to so
orderliness in the spatial arrangement of scatterers, it is c
from the results of the current study that the mechanism
the non-Gaussian backscattering behavior at high freque
may deserve more attention. It was also shown that theK
and Nakagami statistical distributions do not always a
equately describe the ultrasound signals backscattered
normal human whole blood.
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