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METHOD AND SYSTEM OF ULTRASOUND
SCATTERER CHARACTERIZATION

CROSS-REFERENCE TO RELATED
APPLICATION(S)

The present application is a National Stage Entry of PCT/
CA2008/000673 filed on Apr. 10, 2008 which claims priority
on U.S. Provisional Patent Application No. 61/014,991, filed
on Dec. 19, 2007, U.S. Provisional Patent Application No.
60/991,431, filed on Nov. 30, 2007, and U.S. Provisional
Patent Application No. 60/911,738, filed on Apr. 13, 2007, all
incorporated herein by reference.

FIELD OF THE INVENTION

The present invention generally relates to a method and a
system of ultrasound scatterer characterization.

BACKGROUND OF THE INVENTION

Ultrasound techniques are commonly used as non-invasive
or non-destructive diagnostic tools in a range of industries
including medicine, foodstuffs, pharmaceuticals, petro-
chemicals, chemicals and materials processing. In known
ultrasound methods, ultrasound echoes are transmitted to
scatterers in a medium and backscattered or scattered echoes
are detected. Ultrasound parameters such as backscattering
coeflicient, angular scattering, attenuation, speed of sound,
material nonlinearity and statistics can then be used to reveal
intrinsic material properties of the scatterers or the medium
such as microstructure and/or composition. In the case of
ultrasound imaging of a biological tissue, the radio-frequency
ultrasound signal backscattered by the components of the
tissue has been used to extract quantitative properties of the
scatterers to reveal tissue properties such as the correlation
length of the medium. This method and the other aforemen-
tioned approaches have been used successfully to detect and
diagnose medical conditions, such as prostate cancer, early
Duchenne muscular dystrophy, cell apoptosis and carcino-
mas.

However, these methods are not suitable for all applica-
tions. They are particularly unsuitable for characterizing
dense concentrations of scatterers in a medium such as dense
suspensions of particles. It is desirable to obtain quantitative
information regarding the physical dimensions of such scat-
terers. For example, in two-phase systems such as solid par-
ticles/droplets of insoluble liquid/gas bubbles in a fluid, it is
desirable to quantitatively characterize the suspensions in
terms of the suspended particle size, concentration and other
physical parameters. One such application is in medical diag-
nostics where the aggregation of red blood cells is known to
be an independent risk factor of circulatory related disorders
such as thrombosis, atherosclerosis and valvular heart dis-
ease. Also, the presence and size of embolisms in the blood
vessels of a patient can be indicative of their risk of suffering
a stroke. In industrial and food processing applications, pat-
ticle size and shape characterizations are important in the
quality control of many manufacturing processes such as slip
casting, catalytic processes, fermentation processes, paper
and paint manufacturing, as well as in the monitoring of
emulsions and colloids and wear and failure of equipment
parts.

In many applications such as medical ultrasound imaging,
food processing and non destructive testing, the medium to
monitor is composed of many weak scatterers. In pulse-echo
mode, these scatterers are weak in the sense that the echoes
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they generate have a small amplitude in comparison to the
transmitted sound wave, i.e. their acoustic parameters are
closed from the acoustic parameters of their surrounding
medium. For weak scatterers in a relatively dilute medium,
the power of the backscattered signal increases with increas-
ing scatterer concentration and size. This linear relationship
has been exploited to monitor relative increases or decreases
in the scatterer size and concentration. However, these known
ultrasound techniques cannot provide quantitative or absolute
physical parameters or accurate qualitative estimates of the
physical parameters of the scatterers in dense medium.

The quantitative characterization of scatterers by ultra-
sound is further compounded by signal loss due to attenuation
by intervening material between the scatterers being charac-
terized and an ultrasound probe. Attenuation can be particu-
larly problematic in the characterization of biological mate-
rial because of the frequency-dependent attenuation due to
intervening tissue layers that distorts the frequency depen-
dence of scattering from the tissue microstructure.

In known attenuation compensation methods, the back-
scatter coefficient is compensated a posteriori with known
values of attenuation based on the estimated thicknesses of
the intervening attenuating layers. However, this method can
result in inaccurate compensation, especially in the case of
characterization of biological material as intervening tissue
layer attenuations can vary between layers and can also vary
between patients. [t is also known to first evaluate the attenu-
ation of the intervening tissue layers and then compensate a
posteriori the backscatter coefficient with this attenuation
value. However, the attenuations of each intervening layer
between the ultrasound probe and the site of the scatterers
being characterized must be estimated by a separate measure-
ment technique which means that the compensation cannot be
in real-time or performed by a single device. Furthermore,
these methods assume strong hypotheses on spatial tissue
homogeneity which can lead to inaccuracies.

A further limitation of known prior art ultrasound scatterer
characterization techniques is that some of them rely on sam-
pling a bulk suspension to be tested (i.e. “in vitro” methods).
However, these in vitro methods cannot provide real-time
analysis as samples from a bulk suspension must be isolated
to be analyzed. This is undesirable in the case of manufactur-
ing processes where the process must be interrupted to take a
sample, or where the substance concerned is toxic, caustic,
hot or pressurized. Sampling can also introduce contamina-
tion into the bulk or can dilute the bulk. Also, it can introduce
sampling errors if the sample taken is not indicative of the
bulk. In the case of medical applications, such as detecting red
blood cells or other particulates in blood samples, there is the
obvious drawback of having to take a blood sample from the
patient and the associated health and safety issues for both the
patient and the person taking the blood. In addition, it is
believed that the microstructure of blood, particularly the
aggregation of red blood cells, varies within the vasculature
according to flow conditions and local release of substances
promoting aggregation. It is therefore preferable to measure
in situ and in vivo, the state of aggregation of the red blood
cells, as well as other scatterers.

Therefore, there is a need for an improved method and
system for ultrasound scatterer characterization.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an
improved method and system for ultrasound scatterer char-
acterization. The present invention reduces the difficulties
and disadvantages of the aforesaid prior art by providing a
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novel approach to characterizing scatterers based on ultra-
sound scattering or backscattering measurements which may
be automated and operated in real-time.

According to a broad aspect of the invention, there is pro-
vided a method for characterizing ultrasound scatterers in a
medium. The method comprises providing ultrasound data
representing a region of interest comprising a plurality of
scatterers in a medium, the plurality of scatterers including
clusters of scatterer sub-units, the scatterers having a physical
property value to be estimated and the scatterer sub-units
having at least one known physical parameter value; model-
ling the ultrasound data using an at least second order func-
tion of a spatial organization parameter defining the spatial
organization of the scatterers; and estimating the physical
property value of the scatterers from the modelled ultrasound
data and the at least one known physical parameter of the
sub-units by a regression of the spatial organization param-
eter as a function of frequency. The ultrasound data may
represent an ultrasound power spectrum of the region of inter-
est. In other words, the model of the frequency ultrasound
data is valid at least at the second order of the frequency.

The method may include at least one or all ofthe additional
steps of transmitting ultrasound echoes to the region of inter-
est, detecting the scattered or backscattered echoes as the
ultrasound data or converting the detected signals to the ultra-
sound data, displaying the estimated physical property value
of the scatterers, and providing an alert responsive to whether
the estimated physical property value of the scatterers
matches, approaches, falls below or falls above a predefined
value. The ultrasound data may be derived from ultrasound
backscattering measurements or scattering measurements of
the scatterers in the medium. Quantitative or qualitative
physical parameter values can be obtained.

Advantageously, the ultrasound data can be based on the
Bom approximation and the spatial organization parameter
can be a structure factor. A structure factor is related to the
probability of finding two scatterers separated by a certain
distance. The regression can be a least squared approximation
of, for example, a polynomial fitting such as a Taylor approxi-
mation. The Taylor approximation can be a second order
Taylor approximation of the form: S(k,8)~C+kC, (6)+k*C,
(8), where S is the spatial organization parameter, k is the
wave vector, 8 is an angle, and C,, C, and C, are constants.
The Applicant has found that a second order Taylor approxi-
mation yields surprisingly and unexpectedly good results
compared with higher orders, although higher orders may still
vield useful physical parameter values.

The scatterer physical property to be estimated may be
non-homogeneous i.e. scatterer clusters of different sized
and/or mixture of scatterer clusters and single scatterer sub-
units. In this case, the estimated physical property value is an
average or mean value of the scatterer property. Advanta-
geously, estimating the physical property value of the scat-
terer clusters can occur in real-time to obtain absolute values
of the physical property. Scatterer clusters can comprise two
or more whole or partial scatterer sub-units joined or merged
or otherwise associated with one another.

In one application of the method, the scatterer sub-units
and/or the scatterer clusters are weak scatterers in a dense
concentration in the medium. The scatterers and the scatter
sub-units may be particles suspended in a medium. The appli-
cation is particularly, although not exclusively, applicable to
dense suspensions of weak scattering sub-units and/or clus-
ters of weak scattering sub-units, for example, red blood cells
and/or clusters of red blood cells in blood. The method is also
applicable to a low density of scatterers for estimating
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descriptive parameters of the scatterer sub-units and/or clus-
ters of weak scattering sub-units.

In one embodiment, the ultrasound data represents an ultra-
sound backscatter coefficient (BSC), and the physical prop-
erty value to be estimated is the packing factor W and the
diameter D ofthe scatterers, the method comprising applying:

sin(2ka) — 2kacos(2ka) 1

X [W - 24D%a*k?]
(2ka)®

1
BSC(=2k) = 3—ch/(45¢3 3
T

where k is a wave vector. In this embodiment, scatter sub-unit
radius a and an impedance mismatch C between the scatterer
sub-units and the medium is known. For this ultrasound back-
scatter embodiment, the method may further comprise trans-
mitting ultrasound energy to the region of interest to obtain
backscattered ultrasound radio-frequency signals, digitizing
said ultrasound radio-frequency signals, Fourier transform-
ing the digitized ultrasound radio-frequency signals and
squaring the amplitude to obtain the backscatter coefficient.
In another embodiment, modelling the ultrasound data
includes consideration of an attenuation of the scatterers and
the medium, the method further comprising estimating the
attenuation at the same time as estimating the physical prop-
erty value of the scatterers. Simultaneously estimating the
attenuation and the physical property value can comprise
minimizing a cost function which is a mean quadratic differ-
ence between the ultrasound data provided and the modelled
data. In this embodiment, the ultrasound data as a function of
the spatial orgamzation parameter is based on the Born
approximation and the spatial organization parameter is a
structure factor. The ultrasound data may represent an ultra-
sound backscatter coefficient (BSC). In this case, the physical
parameter value to be estimated can be the packing factor W
and the diameter D of the scatterers, the method comprising

applying:

BSC(=2k) =

1

1 a4 qsin(Z/ca)—2kacos(2ka)
3:rHC Ko [_—

2 .
S ] X [W =2.4D%2] x [ *20f']
(ZKa

where k is a wave vector, [e‘mu’dj the frequency-dependent
attenuation, o, is the attenuation coefficient, and f is the
frequency. For this ultrasound backscatter embodiment, the
method may further comprise transmitting ultrasound energy
into the region of interest to obtain backscattered ultrasound
radio-frequency signals, digitizing said ultrasound radio-fre-
quency signals, Fourier transforming the digitized ultrasound
radio-frequency signals and squaring the amplitude to obtain
the ultrasound backscatter coefficient.

From another aspect, there is provided a method for char-
acterizing ultrasound scatterers in a medium, the method
comprising providing ultrasound data representing a region
of interest comprising a plurality of scatterers in a medium,
the plurality of scatterers including clusters of scatterer sub-
units, the scatterers having a physical property value to be
estimated and the scatterer sub-units having at least one
known physical parameter value; modelling the ultrasound
data using an at least second order function of a spatial orga-
nization parameter defining the spatial organization of the
scatterers; and simultaneously estimating an attenuation of
the scatterers and the medium and the physical property value
of the scatterers from the modelled ultrasound data and the at
least one known physical parameter of the scatterer sub-units
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by a mean quadratic difference between the ultrasound data
provided and the modelled data. The ultrasound data may
represent an ultrasound power spectrum of the region of inter-
est.

From yet another aspect, there is provided a method for
characterizing ultrasound scatterers in a medium, the method
comprising: providing ultrasound data representing a region
of interest comprising a plurality of scatterers in a medium,
the plurality of scatterers including clusters of scatterer sub-
units, the scatterers having a physical property value to be
estimated and the scatterer sub-units having at least one
known physical parameter value; modelling the ultrasound
data using a second order model of a structure factor defining
the spatial organization of the scatterers; and estimating the
physical property value of the scatterers from the modelled
ultrasound data and the at least one known physical parameter
of the scatterer sub-units by a least mean squared polynomial
fitting of the structure factor as a function of frequency.

From a yet further aspect, there is provided use of any of the
above methods for monitoring clustering of scatterer sub-
units or unclustering of scatterer clusters. Advantageously,
the monitoring can be in real-time and can be used as in vivo
and in vitro diagnostic tools.

From another aspect, there is provided a computer readable
memory having recorded thereon statements and instructions
for execution by a computer to carry out any of the above
methods for characterizing ultrasound scatterers.

There is also provided a system for characterizing ultra-
sound scatterers in a medium, the system comprising: a trans-
mitting means for transmitting an ultrasound signal to a
region of interest, the region of interest comprising a plurality
of scatterers in a medium, the plurality of scatterers including
clusters of scatterer sub-units, the scatterers having a physical
property value to be estimated and the scatterer sub-units
having at least one known physical parameter value; at least
one detecting means for detecting a scattered or a backscat-
tered ultrasound signal; and a processing means for convert-
ing the detected ultrasound signal to ultrasound data repre-
senting the region of interest, modelling the ultrasound data
using an at least second order function of a spatial organiza-
tion parameter defining the spatial organization of the scat-
terers, and estimating the physical property value of the scat-
terers from the modelled ultrasound data and the at least one
known physical parameter of the scatterer sub-units by a
regression of the spatial organization parameter as a function
of frequency. The ultrasound data may represent an ultra-
sound power spectrum of the region of interest. The transmit-
ting means may be a transmitter, the detecting means may be
a detector and the processing means may be a processor.

Embodiments of the novel method and system of the
present invention are particularly suited, but not limited, to
characterizing weak scatterers in a homogenous medium,
such as a suspension of cells and their agglomerates in blood.
As used herein, a suspension refers to solid scatterers sus-
pended in a fluid, typically a liquid. By solid scatterer, it is
meant any particle or object containing solid material and
includes mixed phase particles such as hollow particles which
may or may not contain a fluid. The liquid of the suspension
can be any kind of liquid depending on the application, such
as body fluids, water, polymers or industrial slurries. The
scatterers in a suspension can generally be any size or shape
and can include entrained air or liquid material. In many
applications, the suspension will be complex, having scatter-
ers of non-uniform size and shape. Scatterer suspensions
where the linear increase of the power with the concentration
does not apply, e.g. particles at a high concentration in dense
media, can also be characterized using the present method.
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The present method also applies to weak scatterers in a solid
medium, such as biological tissue.

Advantageously, the method is not limited to the quantifi-
cation of ultrasound data e.g. backscatter coefficient (BSC)
and its frequency dependence (spectral slope, y-intercept,
mid-band fit), unlike known prior art methods which can only
provide ultrasound related parameters that are difficult to
interpret and are also intrinsically dependent on the frequency
that is used. The present approach, on the other hand, allows
these ultrasound related parameters to be transformed into
physically representative quantitative data, e.g. absolute val-
ues of a packing factor W and an average cluster (aggregate)
non-dimensional size D. Embodiments of the present inven-
tion therefore allow comparisons of studies in different fre-
quency ranges and comparison with results from other fields
of study.

The case where attenuating medium or media are intro-
duced between an ultrasound probe and the region of interest
is also considered by an embodiment of the present invention.
Thus, an estimate of a physical parameter value of scatterers
can be obtained with or without attenuating media such as
layers between the ultrasound probe and scatterers (e.g. par-
ticles, homogeneous or heterogeneous tissue) to be charac-
terized. Advantageously, the attenuating properties of the
intervening matter between the particles being measured and
the ultrasound probe can be estimated (i.e. compensated for)
at the same time as characterizing the particles. This is par-
ticularly advantageous in the case of the intervening matter
being variable in attenuating properties and its effects being
difficult to predict such as when the intervening matter is soft
tissue such as human or animal tissue or plant matter. Advan-
tageously, the attenuation effect is estimated and compen-
sated for without having to separately measure the attenua-
tion of the intervening material. The model can be
successfully applied to many types of samples regardless of
the intervening material. However, it is particularly suited to
the in vivo detection of blood cells through the skin of a
patient and their aggregation. Advantageously, the packing
factor parameter, W, the fractal dimension (e.g. a fractal diam-
eter) of particles or particle aggregates, D, and the attenuation
can be estimated simultaneously from ultrasound data
derived from detected echoes. This is in contrast to known
methods of compensating for attenuation where a compensa-
tion for attenuation is applied on ultrasound signals after
ultrasound measurement. In these known methods, the
attenuation value is based on published data of which the
most appropriate attenuation is chosen for that given situa-
tion. Another known method is to measure attenuation at a
second phase with other instrumentation.

One advantage of embodiments of the present invention is
that they can be applied in situ and in vivo non-destructively
so that the scatterers to be characterized need not be sampled.
Also, scatterers can be characterized in real-time to provide a
“live” monitoring capability. Furthermore, accurate and
absolute physical parameter values can be obtained to repre-
sent the real-life situation of the scatterers.

For example, an embodiment of the present invention can
be used to monitor red blood cell aggregation which can be a
marker of inflammation. Inflammation may be encountered
in patients with obesity, diabetes, atherosclerosis, theumatoid
arthritis, theumatic fever, bacterial infection, meningitis, neo-
natal illness and pneumonia, inter-current sepsis, septic
shock, cancer, heart disease, those at risk of developing deep
vein thrombosis and pulmonary embolisms (e.g., hospital-
ized immobile patients), and those undergoing cancer treat-
ment and surgery, such as heart surgery, and patients with
HIV. The inflammatory response accompanied by abnormal
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levels of red blood cell aggregation can lead to an acute
vaso-occlusive crisis or thrombotic complications which may
be fatal. Platelet aggregation occurring in response to a blood
vessel injury can also be monitored with ultrasound and char-
acterized by an embodiment of the present invention. Moni-
toring and measuring red blood cell aggregation may also be
valuable in assessing the response to therapy and changes in
the pathological state of many chronic inflammatory diseases
that are difficult to monitor clinically. This is particularly true
of rheumatoid arthritis, polymyalgia, giant cell arthritis,
inflammatory bowel disease, systemic vasculitis, chronic
migraine, antibacterial therapy, genetic blood diseases as
beta-thalassemia and sickle cell anaemia, malaria, and future
coronary events in patients with unstable angina or after coro-
nary occlusion or post-surgery. Aggregation of red blood cells
and their disaggregation (unclustering) can therefore be
detected and monitored in vivo as red blood cell clusters are
moving in a blood vessel. In this way, bedside monitoring of
red blood cell aggregation in patients in an emergency or in
intensive care units to allow immediate diagnosis and treat-
ment is possible. Self-monitoring is also possible.

Numerous other applications are also envisaged where it is
desired to obtain realistic and useful estimates of the physical
parameters of scatterers (e.g. size of scatterers, volume con-
centration and density of scatterers, compressibility and
packing organization of scatterers, etc.). Examples include
platelet clustering in blood, paint and other chemical particle
clustering and de-clustering, milk and other food particle
clustering and de-clustering, as well as scatterer suspensions
in other applications such as foodstuff processing, pharma-
ceuticals, material processing, waste treatment, and other
industrial processes. Therefore, although the present inven-
tion is particularly well suited to characterizing agglomerated
red cell particles in a blood suspension, it is not limited to
such.

Before describing embodiments of the system and method
of the invention in more detail, it is appropriate to discuss the
development underlying these embodiments which origi-
nated from the Applicant desires obtaining quantitative infor-
mation about the aggregation or clustering of blood elements
such as red blood cells and platelets in blood, although the
present invention clearly has a much broader application.

It is known that red blood cell aggregates form complex
three-dimensional rouleaux structures, and that the quantita-
tive in vivo characterization of red blood cell aggregation may
be used as a diagnostic tool. One difficulty in ultrasonic blood
characterization resides in the fact that blood is a dense
medium (approximately 5 million erythrocytes/mm®) which
introduces a non-linear relationship between the backscat-
tered ultrasound power and the scatterer concentration. The
red blood cell volume concentration (hematocrit) normally
ranges from 35% to 45%, and non-linear acoustic effects
become important above approximately 10% hematocrit.
Another challenge of ultrasonic blood characterization is to
consider clustering particles in the blood as red blood cell
aggregates, and mixed red blood cell and platelet aggregates.

The non-linear hematocrit dependence of the backscatter-
ing coefficient (BSC) has been studied for non-aggregating
red blood cell suspensions. It is well described for Rayleigh
scatterers at frequencies up to 90 MHz by the Perkus Yevick
packing factor W .. In the frequency domain, the ultrasound
spectrum of non-aggregating red blood cells presents a spec-
tral slope of four. The spectral slope is the linear slope of the
backscatter coefficient (BSC) as a function of frequency on a
log-log scale. When considering aggregating red blood cells,
an increase in the effective scatterer size caused by the red
blood cell rouleaux formation or an increase of the insonify-
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ing ultrasound frequency (to achieve better resolution) both
increase the adimensional ka product and restrain the validity
of the Rayleigh scattering theory and Perkus Yevick approxi-
mation (k is the ultrasound wave number, and a is the mean
radius of individual scatterer sub-units).

Suspended red blood cells in a saline solution (no aggre-
gation) can be acoustically considered as a collection of weak
scatterers surrounded (e.g. suspended or embedded) in a
homogeneous medium. Using the Born approximation and at
a low frequency, the backscattered power is given by:

BSC(-2k)=moy(~20)W, M

where m is the number density of scatterers, o, is the back-
scattering cross section of a single scatterer sub-unit, W is the
packing factor and k is the wave vector which is a function of
frequency. For suspended red blood cells in saline, all param-
eters in Equation 1 can be determined analytically. When the
hematocrit is known by micro centrifugation, m is given by
m=H/V_, whereV_ is the volume of a red blood cell (typically
87 wm®). The backscattering cross-section o, of a Rayleigh
scatterer can be estimated by:

., in(2ka) — 2k 2%ka)\?
O'b(—Zk)=mV;CZk4(3sm( a) acos( a)) ’

(2ka)

where a is the radius of a sphere of volume V_, and C is the
acoustical relative impedance mismatch between the red
blood cell and its suspending medium (saline or plasma),
which depends on the density and compressibility of the
considered media, hence

Co ZRBc ~ ZPlasma

ZPla.sma

where Z refers to the acoustical impedance.

Values of some physical properties of blood, such as den-
sity p, adiabatic compressibility K and acoustic impedance Z,
have been reported in the literature and so are known. The
packing factor W has also previously been studied for non
aggregating scatterers. The packing factor W was shown to
reflect the increase in spatial correlation among particles with
increasing particle number (or hematocrit). It is also influ-
enced by the flow conditions that typically govern flow dis-
turbance or turbulence and aggregation of scatterers. Expres-
sions of the Perkus Yevick packing factor W, (hard particles)
have previously been proposed for packed spheres (Wpy,)
and cylinders (W y..). They are functions ofthe hematocrit H.

w (1-H" (€))
prs(H) (1207

Wour () = (1-H) @
pre(H) 112

The cylinder prototype (Equation 4) has been reported to
provide the best fitting with experimental measurements for
suspended (non aggregating) red blood cells up to physiologi-
cal hematocrits. However, this Rayleigh theoretical approach
cannot be used when aggregating red blood cells or other
scatterers are considered, especially when the frequency is
increased as the assumption that the scatterer size is negli-
gible compared to the acoustical wavelength is no longer
valid.
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To attempt to address this, the Applicant had previously
modelled the backscatter power increase with red blood cell
aggregation in the non-Rayleigh regime based on a structure
factor, S(-2k), which characterizes the spatial organization of
the scatterers in the frequency domain, which they found
could explain the frequency dependence of aggregating red
blood cells in the non-Rayleigh regime (Fontaine, 1. et al
“Modeling the frequency dependence (5-120 MHz) of ultra-
sound backscattering by red cell aggregates in shear flow ata
normal hematocrit,” Journal of the Acoustical Society of
America 113(5), 2893-2900 (2003), the content of which is
herein included by reference).

This approach was based upon the generalized form of
Equation 1, namely:

BSC(=2k)=m0,(~2K)S(=25). )

With this formalism, the number density of scatterers m
and the backscattering cross-section of a single red cell or
scatterer 0, remain constant, and changes in backscattered
power are entirely caused by variations of the structure factor
S(=2k), which is by definition the Fourier transform of the
pair correlation function g(r) (Twersky, V., “Low-frequency
scattering by correlated distributions of randomly oriented
particles,” Journal of the Acoustical Society of America
81(5), 1609-1618 (1987)):

S(=2k)=1+mf(g(r)-1)e 7> d¥. (6)

In this expression, g(r) represents the probability of finding
two particles separated by adistance r. Equations 6 shows that
avariation in the microscopic organization of particles (due to
changes in hematocrit, changes in the state of aggregation or
changes in flow conditions) modifies S(-2k) and therefore
BSC. From Equation 6, it can be shown that the low frequency
limit of S(-2k) is the packing factor W:

S(=28) =1 +mf(g(n-1)dr=W. 7

Under Rayleigh conditions (low ka regime), Equation 5
therefore directly reduces to Equation 1 provided the low
frequency structure factor limit reduces to W,

ielimS(-2k) = W.
£0

The Applicant has now found that at least a second order
Taylor approximation of S(-2k) can be used to extract geo-
metrical parameters from the radio-frequency dependent
backscattered ultrasound data. Surprisingly, the Applicant
has found that a second order approximation provides stable
and reliable data which follows the experimental data suffi-
ciently well, if not better, compared to higher order approxi-
mations. The second order Taylor expansion in k of S(-2k) is
of the form:

S(=2k)=Cyt(=2k)C 1 +(=2k)°C,. (9

It has been shown above that C,=S(-2k)l,_, is the packing
factor W. The second constant C, is necessarily equal to zero
because of parity (if the tissue sample is turned around 180
degrees, the tissue properties remain the same). Since S(-2k)
is a non dimensional number, the third constant C, must be a
surface. This inference is known in crystallography, using
small angle neutron, light, and X-ray scattering to determine
polymer and protein radius of gyration. In the Guinier region,
C, is negative and -C, is related to the square of the radius of
gyration (R,) of the clusters of scatterers. Hence,

S(-2k)=W-4R 1. ©
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For identical spherical scatterer sub-units of radius a that
form clusters with a gyration radius R, (that can model indi-
vidual red blood cells when there is no aggregation), and
recombining Equations 2, 5 and 9, the Applicant has found
that:

sin(2ka) — 2kacos(2ka) 1 (10)

X [W - 4R2k?
(2ka) L o]

1

BSC(=2k) = — HC*k*a®|3
3n

Equation 10 can also be expressed as follows:

BSC(=2k) = (11

sin(2ka) — 2kacos(2ka) |?

1
—HCY*(3
3r (2ka)?

x[W = 24D%a*k?),

where D is the gyration diameter of an aggregate (expressed
in number of scatterer sub-units e.g. number of red blood
cells).

For a suspension of identical weak scatterers such as red
blood cells in blood, all the parameters in Equation 11 are
known (a, C) or can be easily determined (e.g. H can be
determined by micro-centrifugation). A least mean squared
polynomial fitting of the frequency dependence of the back
scattering coefficient (BSC), by replacing k=2rf/c (c is the
speed of sound), directly allows the determination of W and
D.

The Applicant has found that this model can be used to
achieve data reduction of experimental BSC measures on
aggregating red blood cells. By considering an isotropic 3D
aggregate of radius R, R, is related to R by

Hence,

5
D= §Rg/a,

where D is the isotropic diameter of an aggregate (expressed
in number of red blood cells). Estimated values of W and D,
and their combinations, can be deduced from Equation 11 by
least mean squared polynomial fitting of the BSC as a func-
tion of frequency. In other words, the spatial organization and
cluster size of red blood cells can be estimated from the
frequency power spectrum and from the characterization of
one red blood cell. This novel approach uses a second order
model to acoustically characterize red blood cell aggregation
in terms of the aggregate size. For convenience, the Appli-
cant’s novel model is referred to herein as the Structure Factor
Size Estimator (SFSE) model.

The Applicant has also discovered that a Guinier plot can
be used to determine the upper frequency limit of ultrasound
for the SFSE model. As far as the Applicant is aware, this is
the first time that a Guinier plot has been used in the field of
ultrasound. In X-ray and neutron spectroscopy, the Guinier
domain is the domain of application of a second order
approximation, and it can be estimated using a Guinier plot
consisting of plotting k*—log S(-2k). The quadratic approxi-
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mation is valid when the slope is linear. Since the model of the
present invention is based on a second order approximation of
the structure factor, the Guinier plot can be used to determine,
as in X-ray and neutron spectroscopy, the upper frequency
limit of the domain of application of the model, i.e. when the
Guinier plot is linear.

Although the Applicant’s SFSE model is based on a system
having substantially similar individual scatterers (scatterer
sub-units) where the scattering cross-section of a single scat-
terer is measurable or known and where the scatterers are
substantially similar in terms of acoustical impedance and
size so that the differences in size between the individual
scatterers can be distinguished from clustering scatterers,
meaningful qualitative data can still be obtained if this is not
the case. For example, the Applicant has found that when the
Bom approximation does not necessarily apply e.g. when the
size of the aggregates is large, the estimated scatterer physical
parameters are still meaningful so the system need not be
Bom approximation.

The SFSE model can be adapted for application to scat-
tered ultrasound measurements. For example, the structure
factor reported in Equation 6 can be expressed for scattering
at different angles as S(k,0). The expression of the angle
dependent scattering cross section 0,(k,0) is also known.
Under the Born approximation (weak scattering), the data
reduction model (Equations 5 to 11) presented here can there-
fore also be applied to scattering at different angles.

The Applicant has also adapted the SFSE model to simul-
taneously estimate tissue attenuation and physical properties
of the scatterers. For convenience, the attenuation model is
referred to as the Structure Factor Size and Attenuation Esti-
mator (SFSAE). The SFSAE model comprises fitting the
spectrum of the backscattered radio-frequency echoes from
blood to an estimated spectrum by a modified model,
described below.

Assuming that the Born approximation is valid (weak scat-
tering), the model proposed above (Equation 11) can be
modified to predict the theoretical backscatter coefficient
from blood in the presence of an intervening attenuation layer
using:

BSCippeor(—2k) =

sin(2ka) — 2kacos(2ka)|?

1
— HCHA?|3
3n (2ka)®

X [W = 2.4D*a*k*A(=2k)

where A is the frequency-dependent attenuation function
given by:

A(-2k=e e (13)
where f is the frequency, i is the power law of the frequency
dependence, and a, is the total attenuation (in dB/MHz)
defined by:

o = Z 184,

t

where a, and e, are respectively the intervening tissue layer
attenuations (in dB/cm/MHz) and thicknesses, and t repre-
sents each layer. It is assumed, as a first approximation, that
the attenuation increases linearly with the frequency, i.e. that
=l:a(D=a,f. The method also applies to any value of 1.
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The backscatter coefficient that can be estimated from
experimental measures of radio-frequency ultrasound echoes
is given by:

(14

' Prreas(=2k)
BSCoeas(—2k) = BSCypp (=2k)

Pre (_Zk)

whereP,,,,. 1s the backscattered power spectrum obtained by
averaging power spectra of several backscattered echoes from
blood (typically 400); BSC, - and P, are respectively the
reference backscatter coefficient and the mean reference
power spectrum obtained from a diluted sample of non-ag-
gregated red blood cells at a low hematocrit (typically H=6%
to ensure Rayleigh scattering). In this case, several echoes are
also averaged (typically 400). This last blood sample is used
to compensate the backscattered power spectrum P, forthe
electromechanical system response, and the depth-dependent
diffraction and focusing effects caused by the ultrasound
beam. The reference backscatter coefficient BSC,,, can be
estimated using the “Rayleigh estimation” approach
described in Yu and Cloutier, Journal of the Acoustical Soci-
ety of America, 122, 645-656 (2007), the contents of which
are incorporated herein by reference. The theoretical value is
known in the art as the Perkus Yevick packing factor for
cylinders (see also Equation 4).

The packing factor W, aggregate diameter D, total attenu-
ation o, and frequency dependence i along the propagation
path are determined by matching the measured backscatter
coefficient BSC,,_ . given by Equation 14 with the theoretical
BSC,,,,, given by Equation 12. For this purpose, values of W,
D, o, and i are searched minimizing the cost function F(W, D,
0, 1)ABSC,,,c~BSC,..,F- For the case of a linear fre-
quency dependence (i.e., i=1), the cost function is given by
F(W, D, ). This cost function has one minimum (i.e. one
solution), as confirmed by plotting the cost function surface
F(W, D) with varying values of o, for several experimental
conditions.

It should be appreciated that any other parameters can be
fixed and the others minimized, other than the parameters
discussed above. With the SFSAE model, four parameters
(W, D, a, 1) are simultaneously determined but other param-
eters could also be simultaneously estimated. For example, in
the case of'blood, the hematocrit His a quantity that affects the
frequency dependence of the backscatter coefficient that
could advantageously be determined non-invasively (five
parameters are then estimated: W, D, a,, 1 and H). For other
applications, any of the physical parameters described in
Equations 12-14 (e.g., the impedance mismatch C that
depends on the density and compressibility of blood cells and
plasma, the particle volume Vs, the pair correlation g(r))
could be unknown and simultaneously determined through
the minimization equation |[BSC,,,,.~BSC,;,...I"-

meas

BRIEF DESCRIPTION OF THE DRAWINGS

Further aspects and advantages of the present invention
will become better understood with reference to the descrip-
tion in association with the following in which:

FIG. 1 is a schematic block diagram of an embodiment of
a system according to the present invention;

FIG. 2 is a flow diagram illustrating an embodiment of a
method of the present invention;

FIG. 3(a) is a graph from Example 1 of the backscatter
coefficient for a 6% hematocrit non-aggregating suspension
of red blood cells (H6) and a 6% hematocrit aggregating
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whole blood (T6) sheared at 100 s~ plotted with the theoreti-
cal Rayleigh prediction (Equation 1), a 2"¢ order Taylor
model (SFSE model) of an embodiment of FIG. 2 with W=0.6
and D=0.8 (Equation 11), and previously obtained H6 experi-
mental data;

FIG. 3(b) is a graph from Example 1 of the backscatter
coefficient for a 40% hematocrit non-aggregating suspension
of red blood cells (H40) sheared at 50 s™* and a 40% hemat-
ocrit aggregating whole blood (T40) sheared at 100 s~* plot-
ted with the theoretical Rayleigh prediction with W=0.04 and
W=0.11, and the SFSE model with W=0.1 and D=0.5;

FIGS. 4(a) and (b) are graphs from Example 1 illustrating
the backscattered coefficient (BSC) during the kinetics of red
blood cell aggregation for (a) T6 and (b) T40 blood at residual
shear rates of 0, 2, 10 and 30 s at three different frequencies;

FIGS. 5(a) and (b) are graphs from Example 1 illustrating
time variations of fitted parameters W and D during the kinet-
ics of red blood cell aggregation for (a) T6 and (b) T40 blood
at residual shear rates of 0, 2, 10 and 30 57;

FIGS. 6(a) and (b) are graphs from Example 1 illustrating
the frequency dependencies of (a) T6 and (b) T40 blood
sheared at residual shear rates of 0, 2, 10 and 30 s~*, and
corresponding fitted models together with previous H6
experimental data;

FIGS. 7(a)-(d) each show represented gray scale images,
binary images and segmented microscope images at (a) t=0s,
(b) =155, (c)t=60, and (d) t=165 s during the kinetics of red
blood cell aggregation of a T6 sample of Example 1;

FIGS. 8(a)-(d) are histograms from Example 1 of the red
blood cell aggregate dimension determined optically from
FIGS. 7(a)-(d) in number of cells at time 0, 15, 60 and 165 s,
respectively;

FIG. 9 is a graph from Example 1 comparing estimated D
values obtained with an optical method and an ultrasound
method according to an embodiment of FIG. 2;

FIG. 10 is a graph from Example 1 illustrating the effect of
increasing W and D on the BSC;

FIG. 11 is a graph from Example 1 illustrating a quadratic
relationship between ultrasound determination of D and W
for all shear rates (0, 2, 10 and 30 s™) at both 6% and 40%
whole blood hematocrits;

FIG. 12 is a graph illustrating Guinier plots of T6 and T40
blood samples submitted to a residual shear of 2 s™* with the
cluster sizes D estimated using the Guinier plot reported in the
legend,;

FIG. 13 is an ultrasound image of a vein of a forearm of a
normal subject of Example 2;

FIGS. 14(a)-(d) illustrate parametrical images of FIG. 13
illustrating BSC, spectral slope (SS), packing factor (W), and
diameter (D), respectively;

FIG. 15 is an enlarged image of FIG. 14(d) showing regions
1, 2 and 3 from where measurements were taken;

FIG. 16 is a table showing the values of BSC, SS, W and D
for the regions 1, 2 and 3 of FIG. 15;

FIG. 17 illustrates a Couette device experiment of Example
3;

FIG. 18 illustrates a tube experiment set up of Example 3;

FIG. 19 illustrates estimates of particle displacement fields
by speckle tracking (on the left) and corresponding mean
velocity and shear rate as a function of depths in the tube (on
the right), of Example 3;

FIGS. 20(a)-(b) illustrate (a) a single minimum (W*, D¥)
of a cost function F(W,D,a.,) for a fixed value of o, and (b) a
single minimum of a cost function F(W*, D*,a.,) for varying
values of o,,. of Example 3;

FIG. 21 illustrates a graph from Example 3 of backscatter
coefficients for blood sheared at different residual shear rates
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(5,10,20,30and 50 s™!) and measured with a non-attenuating
phanton, and corresponding fitting with the SFSE model
with compensation for blood attenuation;

FIGS. 22(a)-(b)illustrate backscatter coefficients forblood
sheared, in Example 3, at (a) 10 s~* and (b) 50 s~* and mea-
sured with five attenuation phantoms, with «, varying
between 0.013-0.448 dB/MHz, and fitted with the SFSE
model for a non-attenuating phantom, and the SFSAE model
for four attenuating phantoms;

FIG. 23 shows quantitative images from Example 3 of
blood sheared at 10 s™" in a Couette device superimposed on
gray-scale B-mode images with W and D estimated by the
SFSE model with compensation for blood attenuation for the
non-attenuating phantom (top row) and by the SFSAE model
for the four attenuating phantoms with o, varying between
0.151-0.448 dB/MHz;

FIG. 24 illustrates graphs from Example 3 of values of W,
D and a, (in dB/MHz) and corresponding relative errors for
different residual shear rates estimated by the SFSE model
with compensation for blood attenuation for no attenuation
phantom and by the SFSAE model for the four attenuating
phantoms, where SC indicates the concentration of Sigmacell
particles in the phantom;

FIG. 25 illustrates graphs from Example 3 of values of
W oompand D, and corresponding relative errors for differ-
ent residual shear rates estimated by the SFSE model with
compensation for blood attenuation for the live phantoms;

FIG. 26 shows quantitative images from Example 3 of
blood sheared in a cylindrical tube superimposed on gray-
scale B-mode images with W and D estimated by the SFSE
mode] with compensation for blood attenuation for the non-
attenuating phantom (top row) and by the SFSAE model for
the four attenuating phantoms;

FIG. 27 illustrates graphs from Example 3 or values of W,
D and o, (in dB/MHz) and corresponding relative errors for
different shear rates in the tube experiment where the param-
eters were estimated by the SFSE model with compensation
for the non-attenuating phantom and by the SFSAE model for
the four attenuating phantoms;

FIG. 28 1s an ultrasound image of a vein of a healthy subject
of Example 4; and

FIG. 29 shows the image of FIG. 28 with quantitative
images estimated by the SFSAE model.

DETAILED DESCRIPTION OF THE INVENTION

A system 10 and a method 12 for characterizing ultrasound
scatterers in a medium, according to an embodiment of the
invention, is described below. Broadly, the system 10 com-
prises a transmitter for transmitting an ultrasound signal to a
region of interest, a detector for detecting a scattered or a
backscattered ultrasound signal; and a processor for process-
ing the detected ultrasound signal including applying an
embodiment of the method of the invention to estimate a
physical parameter of scatterers in the region of interest.
Specifically, the region of interest comprises a plurality of
scatterers in a medium, the plurality or scatterers including
clusters of scatterer sub-units, the scatterers or scatterer clus-
ters having a physical property value to be estimated.

In the embodiments of the system 10 and method 12
described below, the scatterer sub-units are red blood cells
suspended in blood plasma and the scatterers include red
blood cell clusters and red blood cells. Absolute values of
physical properties of the scatterers are estimated by back-
scattered ultrasound signals. Specifically, these are a mean
packing factor, W, and a mean diameter, D, of the scatterers
which can be useful for monitoring, in vivo, the aggregation
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or disaggregation of the red blood cells in real-time. However,
it should be understood that the system 10 and the method 12
of the invention can equally be applied to any other cells in
blood as well as to any other suspensions and emulsions other
than blood, and to scatterers in a solid medium.

An overview of the embodiment of the system 10 is shown
in FIG. 1. The transmitter and detector comprise a signal
generator 14 or pulser and a transducer/receiver 16. Alterna-
tively, signal generator 14 and the transducer/receiver 16 can
be incorporated in a single device. The signal generator 14
generates an electrical signal which is transmitted to a trans-
ducer 16. The transducer 16 converts the electric signal into
an acoustic input signal that is introduced into a sample 18.
The same transducer/receiver 16 acts as a sensor to sense or
detect at least a portion of the acoustic energy that is scattered
by the sample in response to their interaction with the acoustic
input signal and provide an output signal to the processor 20.
The processor 20 processes the output signal to provide an
output 22 which is at least one physical parameter value of
scatterers, in this embodiment, a mean normalized dimension
(e.g. diameter D) of the scatterers as well as a packing factor
(packing factor W) of scatterers in the blood.

Alternatively, the system 10 may include one or several
separate transducers/probes as a receiver or receivers (not
shown). In this case, one transducer transmits echoes and the
other receives echoes. This can allow the dependence of the
mean normalized dimension on the insonification angle to be
assessed for measuring the anisotropic structure of the scat-
terers.

The sample 18 comprises individual red blood cells and/or
clusters of red blood cells in blood. As the present embodi-
ment of the system 10 relates to an in vivo estimation of the
physical parameter of clustered red blood cells, the sample 18
is a blood vessel of a patient which can be considered as a
‘live’ vessel. The transducer/receiver 16 is positioned on the
skin of the patient over a blood vessel lying underneath the
skin. This can provide real-time information on the red blood
cell aggregation or disaggregation of the patient. In an alter-
native embodiment, the system 10 and the method 12 of the
invention can be applied to obtain an in vitro physical param-
eter estimation. In that case and for assessing red blood cell
aggregation in blood, a blood sample is taken from a patient
and the transducer 16 is positioned on a wall of a container
containing the sample and the sample agitated to avoid sedi-
mentation. It will be appreciated that the sample can therefore
be in any form in which an ultrasound signal can be transmit-
ted to scatterers in the sample.

Considering now the individual components of FIG. 1 in
more detail, the signal generator 14 is a monocycle generator
capable of producing a single cycle of radio-frequency sig-
nals at pre-settable pulse frequencies, or any other suitable
signal generator. For measuring red blood cells in blood, the
frequency is set within the range of 1 MHz to 100 MHz
typically and a pulse repetition rate between 500 Hz and 5
kHz is used. A commercially available monocycle generator
can be used such as Avtech pulse generator (model AVB2-
TA-C-CRIMA, Ottawa, Canada).

The transducer 16 can be any type of broadband ultrasound
transducer such as V313-SM or V317-SM (Panametrics, MA,
USA) or PVDF (VisualSonics, Toronto, Canada). In this
embodiment, a PVDF transducer having a frequency range of
25-50 MHz, a transducer radius of 3 mm and a focal length of
6 mm is used to acquire and store one hundred radio-fre-
quency lines. Any wide band transducer or probe such as, for
example, RMV710 (Visualsonics, Toronto, Canada) with a
centre frequency of 25 MHz, a focal distance of 1.5 cm and a
F-number of 2.1 can also be used. The transducer 16 includes
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a receiver portion which receives the backscattered ultra-
sound signals and transmits them to a signal processor 20.

For detecting red blood cells in blood, the transducer 16
may have a centre frequency of 25 MHz, and preferably be
within the range of 10-40 MHz. The operating frequency is
chosen as a function of the measurement contemplated.
Therefore, in alternative embodiments where the system 10
and the method 12 of the invention are applied to other par-
ticle suspensions or weak scatterers in a homogenous
medium, transducers with a lower or a higher frequency range
can be used, for example transducers having frequencies
below 1 MHz and above 100 MHz. Multiple transducers can
also be used. The relationship between frequency, relative
wavelength and scatterer size (ka) is known and appropriate
frequencies can be selected on this basis.

The processor 20 includes an amplifier for amplifying the
signal and a converter for converting the analogue signal to a
digital signal. In this embodiment, commercially available
diplexers, amplifiers and converters are used such as Ritec
diplexer (model RDX-6, Warwick, R.1., USA), a 10 dB Mitec
linear amplifier (model AU-A3-0120, Hauppauge, N.Y.,
USA), and an 8 bits 500 MHz sampling frequency Gag-
eScope acquisition board (model 8500CS, Montreal,
Canada).

Further processing of the digital signal is either performed
by the processor 20, or another processor (not shown) such as
a computer or any other digital signal processor. The further
processing may include normalizing the digital signal, con-
version of the digital signal to ultrasound data representing a
power spectrum, and application of an embodiment of the
method 12 ofthe present invention to estimate diameter D and
packing factor W of the red blood cell clusters. The processor
may also include a memory for storing the digital signal,
storing instructions for the data processing, and storing the
output data 22 of the data processing. The system 10 may
include a display (not shown) for displaying the output data
22, the power spectrum or the digital signal.

The processor 20 may include an oscilloscope which con-
verts the ultrasound digital signal and displays the processed
output signal (e.g. as a power spectrum), linked to a further
processor for estimating the physical parameter values of the
red blood cell clusters.

The system 10 may be contained within a single housing to
form a single apparatus or device comprising separate parts.
Single housing embodiments may be suitable for bedside or
self-monitoring applications, for example. Such an apparatus
may also be applied to in vitro particle characterization meth-
ods for applications where sampling is preferable.

Finally, the system 10 may comprise an alarm or alert
device (not shown) coupled to the processor 20 for indicating
if and when the estimated physical parameters match, come
close to, fall below or exceed a pre-defined limit or range. For
example, in the case of red blood cell aggregation, the alarm
can be activated automatically if the detected aggregated size
comes close to, reaches or exceeds a predefined dangerous
aggregate size. This in turn may activate an automatic admin-
istration of drugs or other therapy or treatment.

FIG. 2 illustrates an overview of a first embodiment of the
method 12 of the present invention, for incorporation in the
embodiment of the system 10 described above, for example.
However, it will be appreciated that the method 12 can be
used in different systems and for other applications. Broadly,
this embodiment of the method 12 commences at Step 24 by
providing ultrasound data representing scatterers. In Step 26,
the ultrasound data is modelled based on an at least second
order function of a spatial organization parameter. In Step 28,



US 9,389,204 B2

17

aphysical parameter value of the scatterers is estimated based
on the modelled data using a parameter estimation algorithm.

Specifically, in Step 24, the ultrasound data represents an
ultrasound power spectrum of a region of interest comprising
aplurality of scatterers in a medium, the plurality of scatterers
including clusters of scatterer sub-units as well as individual
scatterer sub-units. In this embodiment, the scatterer sub-
units are red blood cells and the medium is blood. The scat-
terers have a physical property value to be estimated, which in
this case is the average scatterer diameter D and the scatterer
packing factor W. At least one physical parameter value of the
red blood cells is known. Providing the ultrasound data
includes positioning the transducer 16 adjacent to the sample
18 and the signal generator 14 generating electric signals
which in turn excite the transducer 16 to produce ultrasonic
signals which are transmitted to the sample 18. In this
embodiment, the transducer is placed adjacent a skin of a
patient close to a blood vessel lying underneath the skin. The
backscattered signal is detected and acquired by the trans-
ducer 16 and forwarded to the processor 20 which processes
the received backscattered signals to obtain the frequency
dependent backscatter coefficient (BSC) by normalization.
The backscattered data is acquired as one hundred radio-
frequency lines and stored in a memory of the processor 20, or
another memory, as a spectrum. In this embodiment, a plu-
rality of spectra are obtained then averaged to provide a mean
spectrum to reduce noise. Ten spectra are averaged although
the invention is not limited to this number or to the use of a
mean spectrum if a single spectrum is not too noisy. A win-
dow of typically 1024 points is selected in each line in the
focal zone of the transducer and the data in the selected
window Fourier transformed. The amplitude is then squared
to obtain the power spectrum P of the backscattered signal.

The power spectrum P is then ‘normalized’ to remove any
signals due to the acquisition apparatus itself as it is known
that measured backscattered data contain artefacts due to the
ultrasound signal acquisition apparatus. This is achieved by
determining the artefact signal associated with the apparatus
itself and subtracting this from the data acquired by that
apparatus to obtain the true ultrasound ‘signature’ of the
sample being measured to obtain the backscatter coefficient
(BSC). 1t will be appreciated that the artefact element will
only need to be determined once for a specific apparatus or
system. There are a number of known methods for normaliz-
ing such data which can be used, for example, the method
described in Wang, S. H. and Shung, K. K., “An approach for
measuring ultrasonic backscattering from biological tissues
with focused transducers,” IEEE Transactions on Biomedical
Engineering 44(7), 549-554 (1997), or blind deconvolution or
substitution methods (hereinafter referred to as “Wang and
Shung™).

In this embodiment, calculation of the backscattered coef-
ficient comprises two stages. In a first stage, a 6% hematocrit
reference medium (non-aggregated red blood cells) is pre-
pared by obtaining a sample of blood from the patient and
anti-coagulating this sample with 3 g/ of ethylene diamine
tetra acetic acid (EDTA). The buffy coat is removed after
centrifugation at 2000xg (g is the gravitational force)and a 60
ml sample is prepared with a hematocrit suspension volume
density of 6% and a suspending medium of isotonic saline
water. Ultrasound measurements of the 6% hematocrit
sample are taken whilst stirring with a magnetic agitator to
avoid sedimentation. The measurements are then repeated on
astainless steel plane reflector submerged in degasified water
and positioned in the focal plane of the transducer/receiver
16. A window of typically 1024 points in each line is selected
in the focal zone of the transducer 16 and Fourier trans-
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formed; the amplitude is squared to get the power spectrum P
of the backscattered signal. These data are then averaged over
several acquisitions (100 here) to provide Py and P,
where subscripts B and plane mean “beaker” and “planar
reflector”, respectively. The absolute backscatter BSC, of
Rayleigh diffusers at the focal plane of each focused trans-
ducer is measured by the substitution method with diffraction

and attenuation compensations:

Pres s F) RY2r? (15)
BSCye = o/ l x ? 5= xaned),
P [ F) o [ (K2
aF

where R, k, 1, d, F and o, are, respectively, the reflection
coefficient of the planar reflector (assumed to 1), the wave
vector, the transducer radius, the inspected depth, the trans-
ducer focal length, and the H6 attenuation coefficient. This
method is described, for example, in Ueda, M. and Ozawa, Y,
“Spectral analysis of echoes for backscattering coefficient
measurement,” Journal of the Acoustical Society of America
77(1), 38-47 (1985).

In a second stage, the 6% hematocrit sample is introduced
and sheared in a Couette flow system where the ultrasound
measurements are performed using the transducer/receiver
16, Fourier transformed and the amplitude squared to pro-
vides its power spectrum Py, Then the blood sample is
introduced, sheared and insonified in the Couette device and
its power spectrum Py, . is calculated similarly. The back-
scatter coefficient is then computed using the modified sub-
stitution method of “Wang and Shung”.

Blood (1 6)

-
BSChigod = BSCre X ——
Prg

x &' 40Blood~CH6)

where BSC ¢ is given by Equation 15 and 0.5, ,15 the attenu-
ation coefficient of the investigated samples. Values of
Ozr~075=0.03 dB/cm/MHz, and 0zpq~0lpo=0.22 dB/cny/
MHz were selected from published data for all shear rates.
Note that in this case a 6% hematocrit was used but any other
characterizable scatterer suspension could also be used.

In step 26, the ultrasound data is modelled as a function of
a second order spatial organization parameter defining the
spatial organization of the scatterers, and in step 28, the
physical property values of D and W of the scatterers are
estimated from a frequency function based on a polynomial
fitting. This is according to the SFSE model developed by the
Applicant.

The normalized ultrasound data is modelled based on a
Structure Factor and the Born approximation, and the physi-
cal property values of D and W estimated by a second order
polynomial fitting (in this embodiment, a Taylor approxima-
tion) of the measured ultrasound data. In practice, this is
achieved by the application of Equation 10 or 11, derived by
the Applicant. Equation 10 is repeated below for complete-
ness:

sin(2ka) — 2kacos(2ka) T (10)

Lo s
BSC(=2k) = — HC?K' |3
(2ka)

W — 4R2k?
= X[ pLall

As will be appreciated, parameters H (the hematocrit), C
(the acoustical relative impedance mismatch between the red
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blood cells and their suspending medium (saline or blood
plasma)), k (ultrasound wave vector), and a (the mean radius
ofindividual scatterers or red blood cells) must be determined
or estimated before polynomial fitting of the measured back-
scatter coefficient (BSC) using Equation 10. For red blood
cells, these can be obtained from published data on blood
values or estimated using microscopy of diluted blood, for
example. In the case that the present application is applied to
particle suspensions other than red blood cell units in blood,
the parameters H, C, k and a must be determined or estimated
before polynomial fitting of the normalized BSC using Equa-
tion 10. The validation of the theory implemented in the
present invention is provided in Example 1 and some results
from this embodiment of the method in Example 2.

Additional method steps (not shown) may include display-
ing the estimated physical parameter values, and activating an
alert if the estimated values match, approach or fall within or
outside of predefined values or limits.

A further additional method step may include compensat-
ing for the attenuation of intervening material between the
scatterers being detected and the ultrasound transducer.

In asecond embodiment of the method 12, Steps 26 and 28
are adapted to estimate the attenuation of biological tissue,
and/or other material intervening between the transducer/
receiver 16 and scatterers, at the same time as estimating the
physical parameter values of the scatterers. The attenuation is
estimated simultaneously with structure properties (W and D)
according to the SFSAE model developed by the Applicant.

This second embodiment differs from the previous
embodiment of the method 12 in that once the frequency
dependent backscatter coefficient (BSC,,,,.) of the sample
has been normalized, the measured backscatter coefficient
BSC,,... 1s compared with the theoretical BSC,,,,,, given by
Equation 12, to determine the packing factor W, aggregate
diameter D and a total attenuation a, of intervening material
between the transducer/receiver and the scatterers. For this
purpose, values of W, D and o, are searched minimizing the
cost function F(W, D, a,))=IBSC,,....~BSC,;....|*. This cost
function has one minimum (i.e. one solution), as confirmed
by plotting the cost function surface F(W, D) with varying
values of o, for several experimental conditions (see FIG. 20
of Example 4, for example). In this way, W, D and «,, are
simultaneously estimated from a single acquisition step of
backscattered echoes. The total attenuation oy, of intervening
tissue layers between the probe and the scatterers are taken
into account and estimated on an individual basis without the
necessity to know or measure any other a priori parameters
(i.e., attenuation, speed of sound, tissue thickness, tissue
composition, etc.).

In another aspect of the method 12, a physical parameter
value (e.g. size) of a cluster of scatterers is estimated using a
Guinier plot determined from the backscattered signal from
blood, or any other medium, through the direct application of
X-ray and neutron spectroscopy methodologies on S(-2k).
The Guinier plot consists of plotting k*—log S(-2k). The
slope scales as Rgz/ 3 and therefore allows an estimation of the
radius of gyration (R,) and diameter D of the scatterers

o

(see FIG. 12 where D values are estimated from the linear
slope of the Guinier plots).

10

15

20

25

30

35

40

45

50

55

60

65

20

In a further embodiment of the method 12, anisotropic
clustering scatterers are characterized using a backscattered
ultrasound signal. In this embodiment, the ultrasound data
comprises pulse echo backscattering measurements from dif-
ferent angles (using one mobile transducer or many transduc-
ers positioned at different angles). These measurements are
integrated and angle dependent estimations of W and D using
Equation 11 for each orientation are calculated to provide a
means to determine the mean geometrical shape of the clus-
tered particles. Similarly, anisotropic measurements can be
fitted to the Applicant’s SFSAE model to obtain, with Equa-
tion 12, W, D, oy, 1 or any other sets of physical parameters
describing the scatterers.

In a yet further embodiment of the method 12, anisotropic
clustering scatterers in a medium are characterized using non
backscattered signals. In this aspect, a system of multiple
transducer/receivers (a minimum of two) are used. At least
one transmitter (E) emits an ultrasound pulse into an area of
interest. The angle dependent scattered waves are recorded at
different angles using one transducer (R) at different posi-
tions, or a system of multiple transducers (R). Under the Born
approximation (weak scattering), the angle dependent scat-
tered signals are processed using angle dependent S(k,0),
a,(k,0) and the Applicant’s novel SFSE model (Eqs. Sto 11).
Similarly, with the SFSAE model, the angle dependent scat-
tered signals are processed using angle dependent S(k,0),
0,(k,0) and A(k,0).

Example 1

This Example [llustrates a Validation of the First
Embodiment of the Method 12

Summary:

Different samples of whole blood and red blood cell sus-
pensions at 6% and 40% hematocrits were prepared and
quantitatively characterized at room temperature using three
focused wideband transducers covering the bandwidth from 9
to 30 MHz. According to the first embodiment of the present
invention, a second order Taylor approximation of the struc-
ture factor was used to achieve data reduction of the BSC
measurements, to extract two physical parameters, the pack-
ing factor (W) and the mean normalized dimension of isotro-
pic aggregates (D). The D parameter was validated by an
optical imaging method at 6% hematocrit under static condi-
tions. Both parameters closely matched theoretical values for
non-aggregated red blood cells. This therefore validated the
theoretical SFSE model of the present invention.

Blood Preparation:

Fresh porcine whole blood was anti-coagulated with 3 g/I.
of ethylene diamine tetra acetic acid (EDTA). The buffy coat
was removed after centrifugation at 2000xg and four 60 mL
samples were prepared. The first sample (H6) had a hemat-
ocrit (volume density) of 6% and the suspending medium was
isotonic saline. The second sample (T6) had a hematocrit of
6% and the suspending medium was porcine blood plasma.
The third sample (H40) had a hematocrit of 40% and the
suspending medium was isotonic saline. Finally, the fourth
sample (T40) had a hematocrit of 40% and the suspending
medium was porcine plasma. These samples were sheared in
a Couette flow system where the ultrasound measurements
were performed in a manner substantially as described for the
first embodiment of the method 12.

Ultrasound and Normalization:

The 6% hematocrit reference to be used for assessing the
backscattering coefficients of blood with the Couette device,
was determined in a manner substantially as described for the
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first embodiment of the method 12. Normalization differed
from that described for the first embodiment in that three
broadband transducers were used: V313-SM (Panametrics,
USA) with a centre frequency of 15 MHz, a -3 dB bandwidth
0f9-14 MHz, a transducer radius of 4.5 mm and a focal length
of 12 mm; V317-SM (Panametrics, USA) with a centre fre-
quency of 20 MHz, a -3 dB bandwidth of 15-26 MHz, a
transducer radius of 4.5 mm and a focal length of 12 mm; and
PVDF (#054-40-6) (VisualSonics, Canada) with a centre fre-
quency of 35 MHz, a -3 dB bandwidth of 26-40 MHz, a
transducer radius of 1.5 mm and a focal length of 6 mm. The
15 MHz transducer was excited at a lower frequency to cover
a different frequency band than the MHz transducer. The
pulse-echo acquisition system was composed of a pulse gen-
erator (Avtech AVB2-TA-C-CRIMA, CANADA), a diplexer
(Ritec model RDX-6, USA), a 10 dB linear amplifier (Mitec
model AU-A3-0120, USA), a pulser-receiver that was used as
a wideband receiver (Panametric model 5900 PR, Waltham,
Mass., USA), and an 8 bits 500 MHz sampling frequency
GageScope acquisition board (model 8500CS, CANADA).

Following the beaker and plane reflector measurements,
each transducer was then successively placed in the Couette
device with its focal plane matching the centre of the 2 mm
gap between both concentric cylinders filled with blood. An
agar gel was used to fill the hole that was made to position the
transducer within the static cylinder; the solidified gel was cut
to match the curvature of the cylinder in order to minimize
any flow disturbance. The non-aggregating H6 sample was
filled and sheared at 50 s~ while acquiring 100 radio-fre-
quency lines for each transducer. The shear rate was precisely
controlled by the rotation speed of the moving Couette cyl-
inder. The H6 data provided P, for the modified substitution
method described above in Equation 16. Following these
measures, the H6 sample was removed and the Couette device
was washed with saline. H40 was then introduced and rotated
at the same shear rate of 50 s™* in the Couette device. BSCj40
was contputed also using Equation 16 (with P, ~P..) to
provide comparison data for non-aggregating conditions at
40% hematocrit.

Then, T6 and T40 blood samples were successively intro-
duced in the Couette device. For each aggregation kinetic
experiment, the blood was first sheared at 100 s™* for 2 min-
utes to disrupt red blood cell rouleaux. The shear rate was then
changed to residual values of 0, 2, and 30 5" for 3 minutes.
During each experiment, 20 radio-frequency lines were
acquired every 2 s for 190 s, starting 10 s before the applica-
tion of the residual shear. At each time instant, a power spec-
trum was averaged over 20 radio-frequency lines to obtain
P04 in Equation 16. The BSC of H6, H40, T6 and T40
samples, sheared in the Couette device, were computed using
Equation 16. Finally, since suspended red blood cells are
Rayleigh scatterers in the range of frequencies considered
here, theoretical values of BSC,,, and BSC,,, were also
computed using Equations 1, 2 and 4. This second approach
was used to confirm the experimental Couette flow measures
of BSC. They are identified as “Rayleigh estimations” in FIG.
3.

Microscopy Analysis:

Aggregation kinetics of whole blood at 6% hematocrit (T6
sample) under static conditions were also quantified using an
optical method on a sample drop of blood. Gray scale images
were taken at an optical magnification of 40x (1 pixel=0.6x
0.6 um) at intervals of 15 s during 3 minutes. This procedure
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was repeated 3 times with the same blood sample. A 1-16 non
aggregating suspension was also imaged for comparison. The
images were processed offline to determine the size of each
aggregate. The same algorithm was used on all images. First,
a segmentation threshold was determined using images nor-
malized in intensity between [0, 1]. The threshold minimized
the intra-class variance of the black and white pixels by using
the Otsu method (Matlab function “Graythresh”, version
7.0.1.24704, Natick, Mass., USA). From the binary images
obtained by thresholding, all elements smaller than 7 pixels in
diameter were eliminated since they were smaller than a
single red blood cell (a typical single red blood cell had a
diameter of 12 pixels). The size of each cluster of aggregates
was normalized by a 12 pixels diameter circular prototype to
obtain the number of red blood cells per aggregate. Following
this pre-processing, the histogram of the number of red blood
cells per aggregate was traced and fitted to an exponential
distribution of mean b, the mean number ofred blood cells per
aggregate. Assuming isotropic 2D circular aggregates, an
optical equivalent of parameter D, given above after Equation
11, was given by:

an

4
Dopr=,/ =b.

As a first approximation, the surface occupied by b red
blood cells=m(D,p7/2)*.
Ultrasonic Characterization of Red Blood Cell Suspensions:

FIG. 3(a) shows BSC obtained with the three transducers
on H6, the 6% hematocrit red blood cell suspension reference
medium (Equation 15). The BSC on T6 computed with Equa-
tion 16 at 100 s~ (T6-RS100, where RS means “residual
shear”) is also presented. The fitted Taylor model expansion
of the present invention (Equation 11) and the theoretical
Rayleigh estimation (Equation 1) are also represented, along
with published experimental results from Maruvada, S. et al
“High-frequency backscatter and attenuation measurements
of porcine erythrocyte suspensions between 30-90 MHz,”
Ultrasound in Medicine & Biology 28(8), 1081-1088 (2002)
and “Wang and Shung”. FIG. 3(b) shows BSC obtained on
H40, the theoretical Rayleigh BSC with W=0.04 and W=0.11
(Equations 1, 2 and 4) and the Taylor model. Values of W
obtained with the Taylor model for suspended non-aggregat-
ing red blood cells at 6% and 40% hematocrits are very close
to the theoretical Perkus Yevick predictions (see Table I). In
addition, the estimated value of D=0.78+0.09 for H6 is very
close to the expected result of 1 red blood cell/aggregate.
Table I illustrates the experimental and theoretical values of
W and D for disaggregated red blood cells suspended in an
isotonic saline solution at 6% and 40% hematocrits. W . and
Wy were calculated using Equations 3 and 4, respectively.

TABLE I

Experimental and thecretical predictions of W and D for H6 and H40

Hé H40
w D W D
Experimental  0.60 +0.03 0.78 £ 0.09 0.10 +0.01 0.5+0.1
values
Wore 0.62 — 0.04 —
Wore 0.74 — 0.11 —
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Kinetics of Red Blood Cell Aggregation:

FIG. 4 illustrates the mean BSC over the respective trans-
ducers’ bandwidth during the kinetics of rouleaux formation
for (a) T6 and (b) T40 blood samples. A high shear rate of 100 3
57! had been first applied during the first 10 s (before t=0 s).
BSC was taken as the mean value over the transducer band-
width and the results are expressed as meanszone standard
deviation over three experiments. At both studied hemat-
ocrits, the rouleaux formation kinetic profiles had similar
shapes. For instance, at all frequencies, BSC first had a low
value, when blood was sheared at 100s™, which corresponds
to the disaggregated state. BSC then gradually increased and
stabilized at different levels depending on the applied residual
shear rates and on the ultrasound frequency. The highest BSC
levels were achieved at a residual shear rate of 2 s~ for all
experiments (RS2 curves). As expected, higher shearing
(RS10 and RS30) partially disrupted red blood cell aggre-
gates and smaller BSC were thus obtained. Under static con-
ditions (RS0) and for all transducers, the BSC reached an
intermediate level near that of RS10. For T40, faster kinetics
were observed in the first few seconds at increasing frequen-
cies.

FIG. 5 illustrates the evolution of parameters W and D
during the process of aggregate formation. A high shear of
100 s~ had been applied during the first 10 s of each acqui-
sition. Results are expressed as means=+one standard devia-
tion over three experiments. As seen, W and D increased as a
function of time for residual shear rates promoting red blood
cell aggregation. The comparison of results at both hemat-
ocrits suggests that aggregates formed at 40% hematocrit are
smaller in size than those obtained at 6% hematocrit, at each
respective residual shear rate. Mean values at the plateau of
the kinetic curves for all applied shear rates are summarized
in Table II.
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Frequency Dependence of the BSC:

FIG. 6 shows BSC as a function of frequency for different
residual shear rates and at the plateau of the kinetics of aggre-
gation (temporal means between t=170 s and t=180 s in FIG.
4). H6 experimental data taken from Maruvada, S., Shung, K.
K., and Wang, S., “High-frequency backscatterer and attenu-
ation measurements of porcine erythrocyte suspensions
between 30-90 MHz,” Ultrasound in Medicine & Biology
28(8), 1081-1088 (2002) and “Wang and Shung” are also
displayed. Standard deviations are not shown for clarity. It
can be seen that BSC increases with the level of aggregation
promoted by different residual shears. The BSC is Rayleigh at
low frequencies and high shear rates, and becomes non Ray-
leigh (drop in Spectral Slope SS) with decreasing residual
shear RS. Also represented in FIG. 6 are fitted curves based on
the SFSE model.

Comparison of Ultrasound and Optical Methods:

FIGS. 7(a)-(d) show typical microscopic images during the
aggregation kinetics promoted by Brownian motion. In col-
umns are represented typical microscopic images and image
processing at a particular time during the kinetics of aggre-
gation of a T6 sample. The actual treated images were bigger,
only the central 300x400 pixels of the whole 960x1280 pixels
are shown on FIG. 7. Binary thresholded images are pre-
sented in the second row. Segmented objects are given in the
third row. Resolution is 1 pixel=0.6 pmx0.6 pm. Histograms
of the number of red blood cells per aggregate, arbitrarily
partitioned in 15 logarithmically spaced bins, are displayed in
FIG. 8. Each distribution was best fitted with an exponential
function defined by

40
TABLE II
T6 and T40 blood fitting parameters W and D at different residual Py = —e(’%)
shear rates (averaged values were computed betweent = 170 s -
and 180 s in FIG. 5). RS100 data were averaged betweent=10s
and 10 s. Results are expressed as means + one standard 45
o ‘ et )
deviation over three experiments where b=mean(x) and x is the number of red blood cells per

Residual T6 T40 aggregate. Parameter b is thus an estimation of the mean

number of red blood cells per 2D aggregate. D, pp was com-
shear rate W D W D ) ; p | 8greg JopT TER Y

puted using Equation 17. Optical and acoustical estimations
RSO 6824 49:14 14x0.1 24:01 50 : : .
RS 180257 150 =10 8ell $3:086 of D. are c.ompa.red in Tab?e I MICI'OS.COPIC images were
RS10 84:0.7 5304 05+01 1101 acquired with a time resolution of 15 s. A time resolution of 30
RS30 1302 1603 0.2+01  07=01 s was used here to reduce the size of the table. Ultrasound data
RS100 0.60£0.09  0.87£0.27 02003 0801 L.

taken from FIG. 5 (RS0, H=6%) at corresponding times were

used for comparison.

TABLE III
Comparison of estimations of D with the optical and ultrasonic methods.
Time (s)
0 30 60 90 120 150 180
Dopr 15:03 24:03 31x05 35:04 42:02 45:01 47=01
Dys  08x01 3901 38x06 53x04 49:10 4810 62=11
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Both methods show an increase of the aggregate size with
time under static condition. The linear regression of D5
with D5, (see FIG. 9) resulted in an index of correlation
7=0.76, reflecting that both methods allowed to follow the
dimension of aggregates over time. As seen in FIG. 9, the
optical method generally predicted lower values of D. Each
point in FIG. 9 is the mean over three experiments at a par-
ticular time during the kinetics of aggregation.

On the Quality of the Data Normalization:

Firstly, three different transducers were used to obtain fre-
quency dependent backscatter measurements. The continuity
in frequency can be appreciated in FIGS. 3 and 6. Secondly,
values of W obtained with the SFSE model of one embodi-
ment the present invention for suspended non-aggregating
red blood cells at 6% and 40% hematocrits are very close to
the theoretical Perkus Yevick predictions. The estimated
value of D=0.78+0.09 for H6 is also close to the expected
number of 1 red blood cell/aggregate, whereas the size esti-
mation seems slightly underestimated for H40 (D=0.5+0.1).
Lastly, as another validation step, the increases in BSC
reported here as a function of the level of aggregation and the
low hematocrit data are comparable with published data from
the literature. These results tend to demonstrate the validity of
Equation 15 (normalization with BSC,,) and of Equation 16
that were used to obtain BSC, BSCyy,, and BSCry,.

BSC Rate of Increase During Red Blood Cell Aggregation
Kinetics:

As seen in FIG. 4, the BSC increase in the first few seconds
following flow reduction was faster as the frequency was
increased; this is especially evident for a hematocrit of 40%
and for residual shear rates promoting the largest aggregates.
These results confirm previous observations by the Applicant
at 40% hematocrit. When comparing, in FIG. 4, results at 6%
and 40% hematocrits, the more rapid increase of BSC at the
highest hematocrit may be explained by the probability of two
red blood cells to be in proximity being higher at 40% hema-
tocrit.

Frequency Dependent Data and 2*“ Order Taylor Approxima-
tion (SFSE Model):

The first and second embodiments of the method 12 were
limited to a 27 order Taylor expansion in Equation 8 as the
Applicant found the surprising effect that the physical perti-
nence of the model was lost when a higher order was used.
This is indeed surprising when one considers the theory that
a higher polynomial order would provide a better fitting with
the experimental data. For instance, the 274 order model
allowed the estimation of W and D, which have a physical
meaning. However, a skilled person would appreciate that
higher orders may be used to obtain meaningful scatterer
physical parameters, albeit less accurate. Also, higher orders
may be more appropriate for different applications.

The Physical Meaning of W>1:

Equations 3 and 4 are functions of H and are strictly limited
to 0<W<l1. Equations 3 and 4 were derived for non-aggregat-
ing particles. Moreover, the present results for non-aggre-
gated red blood cells were consistent with these equations. As
mentioned above, the packing factor W can be generalized for
aggregating particles as the low frequency limit of the struc-
ture factor. The Baxter sticky hard sphere model in the field of
colloidal suspensions has been used to describe the effect of
aggregation within the Perkus Yevick approximation of the
structure factor and its low frequency limit W (Regnaut C. and
Ravey I. C., “Application of the adhesive sphere model to the
structure of colloidal suspensions,” Journal of Chemical
Physics 91(2), 1211-1221 (1989)). The adhesive sphere
model predicts values of W that decrease from 1 to 0 with
increasing hematocrits for low adhesion energy, but presents
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values of W>>1 when the adhesion energy is increased. Values
of W up to 50 were reported at a volumic fraction of particles
of 12%. The structure factor at a frequency of 0 Hz (i.e,
S(0)=W) is thermodynamically described in this model as
W=mKTE, with K being the Boltzmann’s constant, T the
absolute temperature and & ; the isothermal compressibility.

Validation:

Although, there is no known way to experimentally char-
acterize the real size of three-dimensional red blood cell
aggregates at a physiological hematocrit, the dimensions
reported here were validated in part by the microscopic obser-
vations. Also, quantitative information could be deduced with
this firstembodiment of the method 12 (SFSE method). It was
clearly shown that the estimated parameters W and D were
modulated in a predictable manner by the applied residual
shear rate: higher shear rates produced smaller values of those
measures due to the reversible disruption of red blood cell
clusters. Furthermore, smaller values of W and D at 40%
versus 6% hematocrit were shown.

Respective Effect of W and D on the 2"¢ Order Taylor
Model—Relation (D)*—>W:

To assist the interpretation of the acoustical meaning of W
and D and the relation between these two physical param-
eters, FIG. 10 is presented for T6-RS100 showing the respec-
tive effect of varying W and D on the BSC. The shear rate of
100 s~* was selected arbitrarily although the same interpreta-
tion applies to the other shear rates. An increase in W has the
effect of increasing the amplitude of the BSC at all frequen-
cies. In terms of standard ultrasonic tissue characterization
measures, it can be seen as an analogue to the mean BSC
(Lizzi, F. L. et al “Theoretical framework for spectrum analy-
sis in ultrasonic tissue characterization,” Journal of the
Acoustical Society of America 73(4), 1366-1373 (1983)).
Increasing D has an effect on the frequency dependence and
it thus modulates the spectral slope SS.

Interestingly, parameters W and D, representing the “pack-
ing factor” and “normalized mean aggregate size” were not
independent from one another. In FIG. 11 are plotted W as a
function of (D)? for all blood samples tested during the entire
kinetics of aggregation for 6% and 40% hematocrits and for
all applied shear rates. It can be clearly seen that a quadratic
relation exists between W and D. Those two parameters
extracted from the frequency dependence of the backscat-
tered ultrasound signal from aggregating red blood cells thus
contain redundant information on the physical size of scat-
terers. Therefore, one of the parameters could be eliminated
from the SFSE model of the present invention. However, it is
advantageous to use both parameters as D brings a physical
dimension and W is a parameter largely studied in ultrasonic
blood characterization. The fact that the 40% hematocrit
scales in the same way as the 6% hematocrit brings further
confidence in the approximation model. FIG. 12 illustrates
Guinier plots of T6 and T40 blood samples submitted to a
residual shear of 2 s~" with the cluster sizes D estimated using
the Guinier plot reported in the legend.

This embodiment of the data reduction method of the
present invention could provide many advantages over the
classical first order spectral slope characterization of red
blood cell aggregation. For instance, it more closely mimics
the frequency dependence of BSC, it is physically interpret-
able in a non frequency dependent manner., and it could
provide a basis for calibration of the acquisition and normal-
ization procedures since redundant information is present in
the model.
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Example 2

This Example Illustrates In Vivo Results Obtained by
the First Embodiment of the Method 12 to Obtain
Information about Red Blood Cell Aggregation in a
Brachial Vein of a Normal Subject

A high frequency transducer (Visualsonics, Canada) was
used to image the brachial vein of the normal subject’s fore-
arm. In this case, the RMV-710 probe was used (25 MHz
center frequency, focal length 1.5 cm). The probe was posi-
tioned parallel to the vein of interest to provide a longitudinal
section view of the vein. Each image contained 384 vertical
lines. The equivalent to 10 images of the same section were
digitized at a sampling frequency of 500 MHz. A region of
interest was delimited around the venous valve. The data was
processed as described for the first embodiment of the method
12, except that the power spectra were calculated on windows
of32 points positioned at 10 points intervals, foran overlap of
22 points. This allowed a 2D mapping of W and D over the
image. Each estimate of W and D is based on the frequency
fitting algorithm on the BSC (Equation 10 or 11) averaged
over 10 images. The procedure could be performed on a
single image but would be subject to higher noise. The size
and overlapping of windows were not fixed to the reported
values and can be changed depending on the desired resolu-
tion. Also, the BSC signal used in Equation 11 was firstly
compensated for attenuation due to skin and underlying struc-
ture (e.g. muscle, fat, connective tissue). This attenuation
compensation was computed using known equation 18:

BSC,

2
gdrissueOtissue

where d,,,,=1.5 mm and a,,,,,,=1 dB/cm/MHz.

A B-mode image of the vein is shown in FIG. 12. Para-
metrical images of the backscattering coefficient (BSC),
spectral slope (SS), W and D over the same section are illus-
trated for comparison in FIG. 13. Mean values of these
parameters shown in FIG. 15 for identified regions 1, 2 and 3
of FIG. 14. It can be appreciated that regions of stasis just
behind the venous valves present higher values of W and D, as
expected since stasis promotes aggregation. Lower values of
W and D can be seen near the central region, were the flow is
higher. These values 0of W=0.1 and D=0.5 quantitatively agree
with low aggregation values.

“BSCor Compansared®

(18)

Example 3

This Example lustrates In Vitro Results Obtained
from the Second Embodiment of the Method 12
where Attenuation and the Physical Parameters are
Estimated Simultaneously with the SFSAE Model

Blood Preparation:

Fresh porcine whole blood was obtained from a local
slaughter house, centrifuged and the plasma and buffy coat
were removed. Two blood samples were then prepared: (i) a
H6 reference sample, which was a 6% hematocrit non-aggre-
gating red blood cells resuspended in physiological saline
solution; and (ii) a 40% hematocrit T40 test sample, which
consisted of red blood cells resuspended in plasma to promote
aggregation.

In Vitro Experiment in a Couette Flow System (Couette
Device):

Ultrasound measurements were first performed in a Cou-
ette device to produce a linear blood velocity gradient at a
given shear rate (FIG. 17). The system consists of a rotating
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inner cylinder with a diameter of 160 mm surrounded by a
fixed concentric cylinder of diameter 164 mm. A 60 mL blood
sample was sheared in the 2 mm annular space between the
two coaxial cylinders. An ultrasound scanner (Vevo 770,
Visualsonics, Canada) equipped with a RMV 710 probe was
used in B-mode. The single-element focused circular trans-
ducer had a centre frequency of 25 MHz, a diameter of 7.1
mm and a focal depth of 15 mm. A sampling frequency of 250
MHz with 8 bits resolution was used (Gagescope, model
8500CS, Montreal, Canada). The probe was mounted in the
side wall of the fixed outer cylinder and was positioned to
have its focal zone at the centre of both cylinders. To ensure
ultrasonic coupling, the hole within the outer stationary cyl-
inder (containing the probe) was filled with a liquid agar gel
based mixture. When solidified, this gel was cut to match the
curvature of the cylinder to avoid any flow disturbance. The
gel was a mixture of distilled water, 3% (w/w) agar powder
(A9799, Sigma Chemical, USA), 8% (w/w) glycerol and a
specific concentration of 50 um cellulose scattering particles
(55504 Sigmacell, Sigma Chemical, USA) that determined
the attenuation coefficient. Five experiments were performed
with five mixtures having Sigmacell (SC) concentrations
varying from 0% to 1% (w/w). The 0% concentration consti-
tuted the non-attenuating gel and the four other mixtures
mimicked skin attenuations.

Prior to each measurement, the T40 blood was sheared at
200 5! during 30 s to disrupt red blood cell aggregates. The
shear rate was then reduced to residual values of 5, 10, 20, 30
and 50 s™* during 90 s to reach an equilibrium in the state of
aggregation in the sheared blood sample. After that, for each
shear rate, 20 B-mode images were constructed from
acquired radio-frequency echoes for 80 s. For each line of the
B-mode images, echoes were selected with a rectangular
window of length 0.4 mm at twenty depths every 0.04 mm
(i.e. with 90% overlap between windows). For each depth, the
power spectra of the backscattered radio-frequency echoes
were averaged over 20 acquisitions (corresponding to the 20
acquired images) to provide P, .. This protocol was
repeated five times with the five agar-based phantoms. Then,
the T40 blood was removed and the H6 sample was intro-
ducedinthe Couette device. The H6 sample was sheared at 50
s~" and coupled with the 0% SC concentration agar gel. Bch-
oes were windowed as for the H40 sample at the same depths
and their power spectra were averaged over 20 acquisitions to
obtainP,, . This reference power spectrum allows the normal-
ization of the average power spectrum P
In Vitro Experiments in a Tube:

In order to be closer to an in vivo condition, ultrasound
measurements were also performed in a tubular flow device
(FIG. 18). A constant pressure head was used to establish
steady flow in a horizontal tube made of PVA (Polyvinyl
Alcohol) cryogel thanks to a syringe pump (Harvard PHD
2000). The tube had an internal diameter of 4.5 mm and a
length of 10 cm and was immersed in a tank filled with
degassed water at room temperature. A layer of gel was
placed between the probe and the tubular flow. Five experi-
ments were performed with five mixtures having SC concen-
trations of: 0,1, 1.5, 2 and 2.5% (w/w). The 0% concentration
constituted the non-attenuating gel and the four other mix-
tures mimicked skin attenuations. FIG. 19 shows the dis-
placement fields of red blood cells obtained from a speckle
tracking method. The displacement of the speckle pattern
between the frames was then related to velocity through the
time between the images. As expected, the distribution of
velocities was quasi-parabolic and the distribution of shear
rates was deducted from this velocity profile by computing
the derivative of velocities with respect to the tube radius.

meas*
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Before entering the tube, the T40 sample blood was stirred
in order to disaggregate red blood cells. The flow rate was
chosen equal to 5 ml/min to promote the aggregation of red
blood cells and when 30 ml of blood had circulated in the
tube, 20 B-mode images were constructed for 80 s. For each
line of the B-mode images, radio-frequency echoes were
selected with a rectangular window of length 0.4 mm at 65
depths every 0.04 mm (i.e. with 90% overlap between win-
dows). For each depth, the power spectra of the backscattered
echoes were averaged over 20 acquisitions (corresponding to
the 20 acquired images) to provide P, _, . This protocol was
repeated five times with the five agar-based phantoms. A
reference measurement was performed by using the stirred
H6 sample. Echoes were windowed as for the H40 sample at
the same depths and their power spectra were averaged over
20 acquisitions to obtain P, . This reference power spectrum
allowed the normalization of the average power spectrum
P

Attenuation Measurements:

meas*

The attenuation coefficients of the reference (0% SC) and
of the other skin-mimicking phantoms ¢, were determined
by using a standard substitution method. A scanner equipped
with a transducer with centre frequency of 25 MHz (Vevo
770, Visualsonics, Canada) was used in transmission/recep-
tion with a reflector on the opposite side of the phantom for
reflection measurements. Reflected signals were recorded
both with and without the agar gel sample in the acoustic path.
The attenuation coefficient was then estimated using a log
spectral difference technique as described in R. Kuc and M.
Schwartz, “Estimating the acoustic attenuation coefficient
slope for liver from reflected ultrasound signals”, IEEE
Transactions on Sonics & Ultrasonics SU-26, pp. 353-362,
1979. For each concentration of SC., six regions were scanned
for averaging purpose. Thicknesses of skin-mimicking phan-
toms e, were fixed to 10 mm in the case of the Couette device
and 5 mm in the case of the tube flow device. As shown in
Table IV, attenuation coefficients of skin-mimicking phan-
toms were in the same range as the human dermis (which is
0.21 dB/MHz at 14-50 MHz considering 2 1 mm dermis
thickness).

TABLE IV

Attenuation coefficient measurements of skin-mimicking phantoms

for the Couette and tubular flow devices.

a,, for o, fortube
SC (%) Couette device (dB/MHz) flow device (dB/MHz)
0 0.070 £ 0.020 0.035 £0.01
0.25 0.115 £ 0.024 —
0.5 0.219 £ 0.030 —
0.75 0.320 £ 0.035 —
1 0.411 £ 0.040 0.206 = 0.021
1.5 — 0.310 £0.035
2 — 0412 £0.034
2.3 — 0.501 £ 0.039

The attenuations o, of the blood sheared at different
shear rates were also measured in reflection mode using the
same Couette device configuration. The gel had a 0% SC
concentration and the rotating inner cylinder was used as the
reflector (Table V).
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TABLE V

Measurements of the attenuation coefficient
of blood for different shear rates.

Shear rate Oprood
sh (dB/MHz)
5 0.053 £0.011
10 0.036 £ 0.008
20 0.024 £0.003
30 0.016 £ 0.003
50 0.015 £0.003

Reference Measurements with the 0% SC Concentration
Phantom

The experiment with the 0% SC phantom was realized in
order to have reference results of packing factors W, - and
aggregate diameters D,, ;obtained with the SFSE model when
considering predetermined values of blood attenuation.
These parameters were assumed to be true values of packing
factors and aggregate diameters at all shear rates, and were
compared with packing factors and diameters estimated by
the SFSAE and SFSE models when skin-mimicking phan-
toms were used. The H6 reference sample was also measured
with the 0% SC phantom. The phantom attenuation, although
small when no SC was used, therefore affected equivalently
both spectra P, .- and P _.in Bquation 14. The resulting
measured backscatter coefficient BSC,, was thus not biased
by gel attenuation.

Results Obtained with In Vitro Experiments in the Couette
Device

FIG. 22 illustrates the minimization of the cost function in
the SFSAE model.

Reference Parameters with the SFSE Model:

FIG. 21 illustrates W, -and D, -obtained from the SFSE
mode] with compensation for blood attenuation in the case of
no gel attenuation. The amplitude of the backscatter coeffi-
cient as well as the estimation of the parameters W, -and D, -
decreases as the shear rate increases (i.e. when the level of
aggregation becomes smaller).

Parameters Evaluated with the SFSAE:

Typical results obtained when applying the SFSAE model
for the different agar phantoms at a shear rate of 10 5™ and 50
s~* are illustrated in FIG. 22. For both shear rates, it can be
observed that as the total attenuation increases, the more the
backscatter coefficient amplitude decreases at all frequencies
and the more the frequency dependence of the backscattering
coefficient changes. The parameters W and D from the
SFSAE model are very similar to the reference parameters
W,rand D, . The total attenuations o, estimated with the
SFSAE are also similar to the reference total attenuation
measured independently. The reference total attenuations .-
correspond to those obtained with Za.e =, €, +Cs;0 0 Lii00d
where o, _and o, ,are the skin-mimicking phantom attenu-
ation and the blood attenuation estimated in the reflection
mode. FIG. 23 shows quantitative images superimposed on
the gray-scale B-mode images of the blood sheared at 10s™*
in the Couette device. The colour of each pixel was assigned
based on the value of the parameters estimated by the SFSE
with the 0% SC phantom and by the SFSAE with the four
skin-mimicking phantoms, associated with that pixel. The
colour bars relate the pixels in the quantitative images to the
estimated parameters (W, D and o) in a chosen region-of-
interest. The black pixels in the quantitative images corre-
spond to rejected solutions of the optimization method (when
the estimated diameter D was found <<0.1, which is unreal-
istic). A clear distinction between images of the estimated
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total attenuation with the four skin-mimicking phantoms is
apparent, whereas images of the estimated parameters W and
D are quite similar. For each residual shear rate, quantitative
images for the three parameters W, D and o, were constructed
and mean values were calculated. FIG. 24 summarizes these
results. In this figure, the relative errors for each parameter
correspond to: (W-W, /W _, (D-D,_J/D,  and (¢~ J/
0., Except for the shear rate 5 s~* with the skin-mimicking
phantom having the smallest attenuation (0.25% SC), the
SFSAE gave quantitatively satisfactory estimates of W and D
with relative errors below 25%.
Parameters Evaluated with the SFSE with a Priori Compen-
sation for Blood Attenuation

The packing factor W, and the diameter of the aggre-
gates D, were also evaluated by compensating the back-
scatter coefficients in the SFSE with the predetermined values
measured independently in reflection mode. Results are pre-
sented in FIG. 25. The relative errors are below 25% for all
shear rates and all skin-mimicking phantoms.
Results Obtained with In Vitro Experiments in the Tubular
Flow Device

FIG. 26 shows quantitative images superimposed on the
gray-scale B-mode images of blood in the tubular flow device
for each skin-mimicking phantom. As observed in the Cou-
ette device experiments, a clear distinction between images of
the estimated total attenuation with the four skin-mimicking
phantoms is apparent, whereas images of the estimated
parameters W and D are quite similar, as desired. Neverthe-
less, images of the estimated total attenuation are less homo-
geneous compared to those obtained in the Couette device.
For several depths in the image corresponding to specific
shear rates, mean values of the three parameters W, D and o,
were calculated. FIG. 27 summarizes these results. The
SFSAE gave estimates of W and D with relative errors below
20% for all shear rates and for total attenuations of 0.310
dB/MHz (1.5% SC) and 0.412 dB/MHz (2% SC). Worse
estimates were obtained at 0.1 s~ for the smallest attenuation
(1% SC i.e. 0.206 dB/MHz) and at 1 s™* for the highest
attenuation (2.5% SC, i.e. 0.501 dB/MHz): relative errors for
the estimation of W were around 40%. For shear rates
between 0.3 and 3 5™, the worse results of W, D and a, were
obtained for the highest attenuation (2.5% SC i.e. 0.501
dB/MHz).
Comparison of the SFSAE and of the SFSE with a Priori
Compensation for Attenuation

For the Couette device experiment, the accuracy of the
estimates obtained with the SFSAE was as satisfactory as
those obtained with the SFSE with attenuation-compensation
(i.e. when a priori are known about the attenuation). For both
methods, relative errors for W and D were below 25%, except
for one value corresponding to the shear rate of 5 s~* with the
skin-mimicking phantom having the smallest attenuation
(0.25% SC). In this last case, the SFSAE gave less accurate
estimates (relative errors around 50% for W and «,). Never-
theless, the SFSAE has the major advantage to be easily
applicable in vivo because of the simultaneous estimation of
the blood structural properties and total attenuation (contrary
to the SFSE attenuation-compensation method, needing the
attenuation and thickness ofthe tissue intervening layers to be
known).
Limitations of the SFSAE as a Function of Kaand of the Total
Attenuation

Forboth Couette and tubular flow devices, the SFSAE gave
less accurate estimates for the smallest shear rates (i.e. the
highest aggregated cases) and the smallest attenuations
(0.115 dB/MHz for the Couette device and 0.206 dB/MHz for
the tube). In FIGS. 24 and 27, relative errors for o, are always
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worse at these smallest shear rates for all skin-mimicking
phantoms, especially in the tube experiments. At 55 for the
Couette experiments and at 0.1 s for the tube experiments,
the SFSE and consequently the SFSAE seemed to reach their
limit of applicability for large aggregate sizes: for the Couette
device experiment, this typically corresponds to D,,=10.11
in FIG. 21 (i.e. ka=2.8) and for the tube experiment, it is
typically obtained for D,,~8.13 (i.e. ka=2.23). This limit is
illustrated by the bad fit of the SFSE model in FIG. 21 at 557",
In the tube flow experiments, for shear rates between 0.3 and
357!, the worse results of W, D and a,, were obtained for the
highest attenuation (2.5% SC i.e. 0.501 dB/MHz) (see FIG.
27). To conclude, the SFSAE performed well forka<2.23 (i.e.
D=8) and for total attenuations ranging between 0.115 and
0.412 dB/MHz. Although the SFSAE gave less accurate esti-
mates for the attenuation of 0.501 dB/MHz and for ka<2.23,
the estimated parameter values presented in FIGS. 24 and 27
show that the SFSAE gave qualitatively satisfactory estimates
for all skin-mimicking phantoms at all shear rates, since the
estimates of W and D versus shear rates had the same behav-
iouras W, .and D,

The SFSAE model has the advantage that it is easily appli-
cable in vivo because of the simultaneous estimation of the
scatterer structural properties and the total attenuation (con-
trary to existing attenuation-compensation methods which
require the attenuation and thickness measurements of the
tissue intervening layers). This work thus confirms the in vivo
applicability of red blood cell aggregate size and attenuation
estimations.

Example 4

This Example [llustrates Results from an In Vivo
Application of the Second Embodiment of the
Method 12 to a Healthy Patient

FIG. 28 illustrates a B-mode ultrasound image of two
closed venous valves in a vein in an arm of a normal subject
acquired according to the second embodiment of the method
of the present invention. FIG. 29 illustrates quantitative
images of three parameters (W, D and «,,) estimated by this
embodiment superimposed on the B-mode image of FIG. 28.
As expected, the values of W and D are more important at a
region where the blood stagnates (area behind the venous
valve) as it is known that stagnation promotes red blood cell
aggregation.

It should be appreciated that the invention is not limited to
the particular embodiments described and illustrated herein
but includes all modifications and variations falling within the
scope of the invention as defined in the appended claims. For
example, it will be clear to a skilled person, from the descrip-
tion hereinand Examples 1-4 that embodiments of the present
invention can be applied to obtain quantitative and qualitative
physical parameter values of scatterers in a medium, with and
without simultaneous estimation of attenuation, and to moni-
tor these physical parameters in real-time. It will also be clear
that ultrasound imaging is not required for obtaining values of
W and D (and equivalently o, i or any other physical param-
eters describing blood). For instance, ultrasound signals can
be recorded without imaging, the computation performed and
the values of W and D displayed for evaluation. Furthermore,
the present invention is not limited to blood or the monitoring
of red blood cells and can be applied to characterize any
scatterers in a medium. Also, the phraseology and terminol-
ogy used herein is for the purpose of description and should
not be regarded as limiting. The use of “including”, “com-

prising”, or “having”, “containing”, “involving” and varia-
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tions thereof herein, is meant to encompass the items listed
thereafter as well as additional items.

The invention claimed is:

1. A method for characterizing ultrasound scatterers in a
medium, the scatterers including red blood cells and clusters
of red blood cells in blood, the method comprising:

detecting in vivo ultrasound data from a pulser-receiver

and a wideband ultrasound transducer representing a
region of interest comprising a plurality of scatterers in
a medium, the plurality of scatterers including clusters
of scatterer sub-units being clusters of red blood cells,
the scatterers having a physical property value to be
estimated and the scatterer sub-units having at least one
known physical parameter value;

modelling a backscatter coefficient of the ultrasound data

using an at least second order function based on a Taylor
expansion of a frequency dependence of a structure fac-
tor, the frequency dependence of the structure factor
being related to a Fourier transform of a pair correlation
function in a system of scatterers, the pair correlation
function defining a probability of finding a scatterer at a
determined distance from another scatterer;

estimating the physical property value of the scatterers

from ultrasound data as modelled and the at least one
known physical parameter of the scatterer sub-units by a
fitting regression of the backscatter coefficient as a func-
tion of frequency; and

monitoring red blood cell aggregation in blood from the

physical property value.

2. A method according to claim 1, wherein modelling the
backscatter coefficient of the ultrasound data is based on a
Born approximation.

3. A method according to claim 1, wherein the fitting
regression is a least squared approximation.

4. A method according to claim 3, wherein the least squared
approximation is a polynomial fitting.

5. A method according to claim 1, wherein the physical
property tobe estimated is at least one selected from the group
consisting of a packing factor W of the scatterers in the
medium, a diameter D of the scatterers, a volume concentra-
tion H of the scatterers in the medium, a fractal size d of the
scatterers, and the pair correlation function g(r) of the scat-
terers.

6. A method according to claim 5, wherein the at least one
known physical parameter is at least one selected from the
group consisting of a radius a of the scatterer sub-units, an
acoustic impedance mismatch C between the medium and the
scatterer sub-units, and a density, a compressibility and a
speed of sound ¢ of the medium and the scatterer sub-units.

7. A method according to claim 6, wherein the at least one
known physical parameter is the radius a of the scatterer
sub-units and the acoustic impedance mismatch C between
the medium and the scatterer sub-units, or the at least one
known physical parameter is the radius a of the scatterer
sub-units and at least two selected from the group consisting
of the impedance C, the speed of sound, the density and the
compressibility of the medium and the scatterer sub-units.

8. A method according to claim 7, wherein the physical
property value to be estimated is the packing factor Wand the
diameter D ofthe scatterers, the method comprising applying:

sin(2ka) — 2kacos(2ka) ?

X [W = 24D%a 7]
(2ka)®

1
BSC(=2k) = 3—HC2k4a3 3
T

where BSC is the backscatter coefficient and k is a wave
vector.

9. A method according to claim 1, further comprising

obtaining ultrasound radio-frequency signals, digitizing said
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ultrasound radio-frequency signals, Fourier transforming the
ultrasound radio-frequency signals as digitized and squaring
the amplitude to obtain the ultrasound data.

10. A method according to claim 9, further comprising
transmitting ultrasound energy into the region of interest to
obtain the ultrasound radio-frequency signals.

11. A method according to claim 1, wherein the modelling
includes consideration of an attenuation of the scatterers and
the medium, the method further comprising estimating the
attenuation at the same time as estimating the physical prop-
erty value of the scatterers when modelling the backscatter
coefficient of the ultrasound data in which:

BSC(=2k) =

L 1oy ] Snka) ~ 2hacosQka)

X [W = 24D a2 1A (= 2k
= oy [ ak*]A(-2k)

where A is the frequency dependant attenuation coeffi-

cient.
12. A method according to claim 11, wherein simulta-
neously estimating the attenuation and the physical property
value comprises minimizing a cost function which is a mean
quadratic difference between the ultrasound data provided
and the ultrasound data as modelled.
13. A method according to claim 1, further comprising
normalizing the ultrasound data before modelling.
14. A method according to claim 1, wherein monitoring red
blood cell aggregation is performed to monitor inflammation
of a patient.
15. A method for characterizing ultrasound scatterers in a
medium, the scatterers including red blood cells and clusters
of red blood cells in blood, the method comprising:
detecting ultrasound data from a pulser-receiver and a
wideband ultrasound transducer representing a region of
interest comprising a plurality of scatterers in a medium,
the plurality of scatterers including clusters of scatterer
sub-units, the scatterers having a physical property value
to be estimated and the scatterer sub-units having at least
one known physical parameter value;
modelling a backscatter coefficient of the ultrasound data
using an at least second order function based on a Taylor
expansion of a frequency dependence of a structure fac-
tor, the frequency dependence of the structure factor
being related to a Fourier transform of a pair correlation
function in a system of scatterers, the pair correlation
function defining a probability of finding a scatterer at a
determined distance from another scatterer;

simultaneously estimating an attenuation of the scatterers
and of the medium and the physical property value of the
scatterers from the modelled ultrasound data and the at
least one known physical parameter of the scatterer sub-
units by a mean quadratic difference between the ultra-
sound data provided and ultrasound data as modelled,
and

monitoring red blood cell aggregation in blood from the

physical property value.

16. A method according to claim 15, wherein monitoring
red blood cell aggregation is performed to monitor inflam-
mation of a patient.

17. A system for characterizing ultrasound scatterers in a
medium, the scatterers including red blood cells and clusters
of red blood cells in blood, the system comprising:

atransmitter for transmitting an in vivo ultrasound signal to

a region of interest, the region of interest comprising a
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plurality of scatterers in a medium, the plurality of scat-
terers including clusters of scatterer sub-units being
clusters of red blood cells, the scatterers having a physi-
cal property value to be estimated and the scatterer sub-
units having at least one known physical parameter 5
value;

at least one detector for detecting a scattered or a backscat-

tered ultrasound signal; and

a processor for monitoring red blood cell aggregation in

blood from the physical property value by converting the 10
detected ultrasound signal to ultrasound data represent-
ing the region of interest, modelling a backscatter coef-
ficient of the ultrasound data using an at least second
order function based on a Taylor expansion of a fre-
quency dependence of a structure factor, the frequency 15
dependence of the structure factor being related to a
Fourier transform of a pair correlation function in a
system of scatterers, the pair correlation function defin-
ing a probability of finding a scatterer at a determined
distance from another scatterer, and estimating the 20
physical property value of the scatterers from ultrasound
data as modelled and the at least one known physical
parameter of the scatterer sub-units by a regression of
the backscatter coefficient as a function of frequency.

18. A system according to claim 17, further comprising an 25
alert means for indicating when the estimated physical prop-
erty value of the scatterers matches, approaches, falls below
or falls above a predefined value.

19. A system according to claim 17, wherein the processor
monitors red blood cell aggregation to monitor inflammation 30
of a patient.



patsnap

TRBHOR) A RERN G EMRSE
DFH(RE)S US9389204 F (&R 2016-07-12
HiFs US12/595649 RiFH 2008-04-10
[FRIRE(FRIR)A(GE) RAEGUY
BIFRANCOIS
FRANCESCHINI EMILIE
=3 EDAVID
BRiE (Z R AGF) RAEGUY
AIFRANCOIS
FRANCESCHINI EMILIE
=38 EDAVID
HFERE(ERR)A(E) VAL-CHUM , LIMITED PARTNERSHIP
BRI %A CLOUTIER GUY
YU FRANCOIS
FRANCESCHINI EMILIE
SAVERY DAVID
EBHA CLOUTIER, GUY
YU, FRANCOIS
FRANCESCHINI, EMILIE
SAVERY, DAVID
IPCH%E AB1B8/00 G01N29/06 A61B8/06 A61B8/13 GO1N29/44 G01S7/52
CPCH¥E G01N29/069 A61B8/06 A61B8/13 GO1N29/4472 G01S7/52036 GO1N2291/014 GO1N2291/02408

GO01N2291/02836 GO1N29/4418 G01N2291/02416 GO1N2291/02466

£ 5 60/911738 2007-04-13 US
60/991431 2007-11-30 US
61/014991 2007-12-19 US

H {3 FF 30k US20110092817A1
SNEBEEE Espacenet USPTO
RE(F)

—HATRUENRFOBEFERGFEN S E , BREEARTENBXEN
BERE  MRBFRREEENRTHSNRSE |, PRRS EHEE
ERSGTREINER  TABRHGCERFAITNYEEREMBHET
BRERED - CANYESIE, 5/ E B R 22 E A R 22 H
BASHNED —HEHBNBEFREREBIENRRNERNZEA
LASHHEE  NERNWBFBENTFEINED - EANESHE
RSN YERRE. TEFEATRIEBESHHENRS,

—

Provide ultrasound data representing scatterers

J24

y

Model ultrasound data as a function of spatial
organization parameter of the scatterers

26
-/

L

28

Estimate physical property value of the
scatlerers

~



https://share-analytics.zhihuiya.com/view/4490a7cb-1b0d-47e9-83da-00fcf99f7a1c
https://worldwide.espacenet.com/patent/search/family/039863195/publication/US9389204B2?q=US9389204B2
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9389204.PN.&OS=PN/9389204&RS=PN/9389204

