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METHOD AND APPARATUS FOR
CHARACTERIZATION OF CLOT
FORMATION

CROSS-REFERENCE

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 60/513,264, filed Oct. 22, 2003,
which application is incorporated herein, in its entirety, by
reference thereto.

GOVERNMENT RIGHTS

[0002] This invention was made with government support
under federal grant no. GAAN P200A010433 awarded by
the Department of Education. The United States Govern-
ment may have certain rights in this invention.

BACKGROUND OF THE INVENTION

[0003] Blood coagulation is a delicately regulated process
that serves as a protective mechanism against blood loss due
to tissue damage. Overactive or unregulated coagulation can
lead to conditions including myocardial infarction, stroke,
deep vein thrombosis (DVT), and pulmonary embolism. The
ability to recognize coagulation disorders and quantify their
severity is critical for identifying those at risk and imple-
menting appropriate prophylactic treatment. Because of
inherent risks accompanying anticoagulant therapy, such as
hemorrhage or anaphylaxis, it is critical that such therapies
be prescribed appropriately (see Anderson et al, “Best
Practices: Preventing Deep Vein Thrombosis and Pulmonary
Embolism”, Center for Outcomes Research, U. Mass. Med.
Ctr, ’1998, which is hereby incorporated herein, in its
entirety, by reference thereto).

[0004] Hypercoagulability, or thrombophilia, is an inher-
ited or acquired coagulation disorder in which there is either
an overactivation of coagulation or deficient deactivation of
developed thrombus. While a number of factors within the
coagulation cascade such as factor V Leiden, protein C or S
deficiency, and antithrombin III deficiency are known to
increase the propensity to clot (see Harris et al. “Evaluation
of Recurrent Thrombosis and Hypercoagulability”, Ameri-
can Family Physician, vol. 56 (6), Oct. 15, 1997, which is
hereby incorporated herein, in its entirety, by reference
thereto), there is currently a dearth of techniques available to
quantify these effects clinically. The methods currently
available are mostly biochemical in nature and test for a
specific genetic mutation or abnormal chemical reaction
rate, such as Leiden Factor V. mutation R560Q; Hyperho-
mocysteinemia MTHFR Mutation; Prothrombin Gene
Mutation 20210; Protein C levels; Protein S levels; Acti-
vated Protein C activity; antibodies to six phospholipids of
the IgM, IgG and IgA classes; Lupus anticoagulant anti-
body; Russell Viper Venom time; Activated Partial Throm-
boplastin time; and Prothrombin time; see http://repro-med.
net/papers/thromb.php which is incorporated herein; in its
entirety, by reference thereto. While these tests may provide
valuable information, they are unable to determine the
coagulation rate of an individual’s blood. Furthermore, since
the coagulation cascade is exceedingly complex, there are
numerous steps in the pathway that might be disrupted or
inappropriately regulated. However, it is not always possible
to determine if these interruptions in the cascade are pre-
dictive of an observable clinical impact on thrombus for-
mation.
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[0005] Mechanical methods, such as cone and plate vis-
cometry or indentation testing, provide the most intuitive
way to characterize the mechanical parameters of blood
coagulation. However, these approaches are limited because
the mechanical forces applied to the forming thrombus can
disrupt its delicate structure, and thus disturb the system
enough to interrupt the normal course of coagulation.

[0006] Deep vein thrombosis (DVT) refers to the forma-
tion of a blood clot in a large vein of the leg. DVT often
results from a lack of movement in the extremities for
significant periods of time or from an increased propensity
to clot due to malignancy, recent surgery or trauma, preg-
nancy, hormonal agents such as oral contraceptives, or other
contributing causes, see Hirsh et al., “How We Diagnose and
Treat Deep Vein Thrombosis”, Blood, vol. 99(1), pp. 3102-
3110, which is hereby incorporated herein, in its entirety, by
reference thereto. If a portion of the thrombus breaks off and
travels to the pulmonary vessels, a potentially fatal pulmo-
nary embolism can result. Clinical diagnosis cannot serve as
the sole means of DVT diagnosis because many potentially
dangerous venous thrombi are asymptomatic, and many of
the symptoms are not unique to DVT. Current noninvasive
methods of diagnosis such as duplex ultrasonography,
venography, impedance plethysmography, and MRI can
often detect the presence of a clot, but are limited by an
inability to determine the stage of development of the clot so
identified. Furthermore, these methods must often be used in
conjunction with another diagnostic method or tool such as
the d-dimer assay in order to make a conclusive diagnosis.

[0007] Although duplex ultrasonography is favored for the
initial investigation of DVT, several groups have also pro-
posed the use of ultrasound to extrapolate parameters related
to the formation of DVT. Shung et al, in “Ultrasonic
Characterization of Blood During Coagulation”, Journal of
Clinical Ultrasound, vol. 12, pp 147-153, 1984 (which is
hereby incorporated herein, in its entirety, by reference
thereto), have shown that the increase in echogenicity asso-
ciated with the formation of a thrombus is mostly due to an
increase in ultrasonic backscatter. They have also found
increases in both the attenuation coeflicient and the speed of
sound. Parsons et al. in “Age Determination of Experimental
Venous Thrombi by Ultrasonic Tissue Characterization”,
Journal of Vascular Surgery, vol. 17(3), pp. 470-478, 1993
(which is hereby incorporated herein, in its entirety, by
reference thereto), have been able to differentiate in vivo
between clots of varying ages by looking a the slope and
intercept of the linear fit of the normalized power spectrum.
Emelianov et al., in “Ultrasound Elasticity Imaging of Deep
Vein Thrombosis” Proc, IEEE Ultrasonic Symposium, 2000
(which is hereby incorporated herein, in its entirety, by
reference thereto), have characterized different clinical
stages of a thrombus using maps of local strain. Their
method operates by obtaining baseline radio frequency (RF)
echo data, mechanically compressing the tissue, obtaining a
second compressed set of data, and applying signal process-
ing methods to create maps of local strain. Rubin et al., in
“Clinical application of sonographic elasticity imaging for
aging of deep venous thrombosis: preliminary findings,”
Journal of Ultrasound in Medicine, vol. 22, pp. 443-8, 2003,
which is incorporated herein, in its entirety, by reference
thereto, characterizes different clinical stage of a thrombus
using maps of local strain obtained by compressive elastog-
raphy. Although the techniques proposed by Parsons et al.,
Emelianov et al. and Rubin et al. have yielded valuable
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results, they are primarily focused on age classification of
DVT and thus are not able to characterize thrombus forma-
tion. Furthermore, these techniques do not provide informa-
tion about coagulability and are thus of little or no value in
prospectively identifying patients at high risk of forming a
blood clot. Furthermore, direct translation of these tech-
niques to benchtop tools is problematic because of high
variability in measurements taken.

[0008] There remains a need for the ability to characterize
changes in soft tissue, and particularly for characterizing
thrombus formation. There remain needs for methods, appa-
ratus and systems that can characterize thrombus formation
for diagnosis and treatment purposes, and preferably in a
substantially non-invasive manner.

SUMMARY OF THE INVENTION

[0009] The present invention provides methods of char-
acterizing at least one physical property of soft tissue. One
such method described herein includes generating a series of
acoustic pulses and directing them into the soft tissue to be
characterized, wherein at least one of the pulses is of
sufficiently high intensity to induce physical displacement of
the tissue. At least one physical property of the tissue is
estimated based on measurement of at least two of the pulses
as reflected from the soft tissue and/or receiving optical
reflections from the soft tissue as the soft tissue is being
physically displaced. The process may be repeated at least
once after passage of a time interval, so that time-based data
can be generated.

[0010] An apparatus for identifying changes in at least one
physical parameter of a soft tissue over time includes an
acoustic wave generator capable of repeatedly generating
acoustic pulses of sufficient intensity to induce measurable
physical displacement in the soft tissue; a sensor adapted to
sense at least one of optical waves or the acoustic pulses
after reflection by the soft tissue; a clock governing cycles
during which the acoustic pulses are generated and during
which sensing of at least one of the acoustic or optical waves
is carried out; and a processor that receives input from the
sensor and clock and calculates time-based data character-
izing at least one characteristic of the physical displacement
induced.

[0011] A method of characterizing at least one physical
property of blood is described, including generating a series
of acoustic pulses and directing the series of pulses into the
blood such that at least one of the pulses is of sufficiently
high intensity to induce physical displacement of the blood,
measuring a displacement of the blood resulting from the
induced physical displacement thereof; and estimating at
least one characteristic of the physical displacement based
on the measurement.

[0012] Methods of diagnosis of the development stages of
clotting are described.

[0013] Methods of evaluating effectiveness of anti-clot-
ting treatments are described.

[0014] Methods of evaluating effectiveness of pro-clotting
treatments are also described.

[0015] These and other advantages and features of the
invention will become apparent to those persons skilled in
the art upon reading the details of the methods, apparatus
and systems as more fully described below.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1A is a schematic representation of the pres-
ent invention useful for in vitro characterization of a soft
tissue sample.

[0017] FIG. 1B is a modification of the arrangement
shown in FIG. 1A in which an additional device is posi-
tioned on a side of the container opposite the device that is
also shown in FIG. 1A.

[0018] FIG. 1C schematically illustrates a non-invasive
use of the present invention.

[0019] FIG. 2 is a schematic representation of a system for
characterization of at least one physical property of soft
tissue.

[0020] FIG. 3 shows a series of time-displacement curves
comparing values predicted by a model to values obtained
using an embodiment of the present apparatus.

[0021] FIG. 4 is a symbolic representation of a modified
Voigt model used as a model to characterize the behavior
plotted in FIG. 3.

[0022] FIG. 5 is a diagrammatic representation of appa-
ratus for in vitro characterization of at least one physical
property of soft tissue.

[0023] FIGS. 6A, 6B and 6C show a portion of the results
obtained from analyzing a control solution as described in
the Example below.

[0024] FIG. 7 shows comparative time constants for con-
vention rheometry uses as compared to use of the present
techniques.

[0025] FIG. 8 shows a set of time-displacement curves
obtained from one blood sample along with the accompa-
nying best fit model predictions, as described below in the
Example.

DETAILED DESCRIPTION OF THE
INVENTION

[0026] Before the present methods, apparatus and systems
are described, it is to be understood that this invention is not
limited to particular embodiments described, as such may, of
course, vary. It is also to be understood that the terminology
used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting, since
the scope of the present invention will be limited only by the
appended claims.

[0027] Where a range of values is provided, it is under-
stood that each intervening value, to the tenth of the unit of
the lower limit unless the context clearly dictates otherwise,
between the upper and lower limits of that range is also
specifically disclosed. Each smaller range between any
stated value or intervening value in a stated range and any
other stated or intervening value in that stated range is
encompassed within the invention. The upper and lower
limits of these smaller ranges may independently be
included or excluded in the range, and each range where
either, neither or both limits are included in the smaller
ranges is also encompassed within the invention, subject to
any specifically excluded limit in the stated range. Where the
stated range includes one or both of the limits, ranges
excluding either or both of those included limits are also
included in the invention.

[0028] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials
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similar or equivalent to those described herein can be used
in the practice or testing of the present invention, the
preferred methods and materials are now described. All
publications mentioned herein are incorporated herein by
reference to disclose and describe the methods and/or mate-
rials in connection with which the publications are cited.
[0029] It must be noted that as used herein and in the
appended claims, the singular forms “a”, “and”, and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a transduce”
includes a plurality of such transducers and reference to “the
curve” includes reference to one or more curves and equiva-
lents thereof known to those skilled in the art, and so forth.
[0030] The publications discussed herein are provided
solely for their disclosure prior to the filing date of the
present application. Nothing herein is to be construed as an
admission that the present invention is not entitled to ante-
date such publication by virtue of prior invention. Further,
the dates of publication provided may be different from the
actual publication dates which may need to be independently
confirmed.

[0031] The present invention provides methods, apparatus
and systems for performing what the present inventors have
termed sonorheometry. Sonorheometry provides data about
the mechanical properties of soft tissue. Furthermore,
repeated measurements using sonorheometry enable char-
acterization of changing properties over time. Sonorheom-
etry is particularly well-suited to characterizing blood
coagulation. The present invention provides data about the
mechanical properties of a developing thrombus without
disrupting its formation. The methods and techniques may
be non-invasive or carried out in a laboratory setting after
obtaining a sample from a patient, and are based on the
application of acoustic radiation force to the tissue to be
characterized.

[0032] An increased or decreased propensity to clot can be
evaluated by observing the coagulation rate and mechanical
characteristics of the developing thrombus at any time
during formation. This information may in turn allow cli-
nicians to assess an individual’s clotting behavior and to
treat coagulation disorders appropriately. This information
may also be used to evaluate whether a particular treatment
and/or dosage is effective or needs to be changed, as
subsequent testing according to the present methods (i.e.,
after a treatment has been administered) can be carried out
to compare the results, thereby indicating the effect of the
treatment.

[0033] Referring now to FIG. 1, an assembly 1 is sche-
matically shown that is set up for testing soft tissue accord-
ing to the present invention. An acoustic wave generating
device 10 is positioned in alignment with container 30 to
allow device 10 to irradiate a soft tissue contained within
container 30. Device 10 may be mounted or fixed at a
predetermined distance for the contents of the container 30
to receive focused acoustical waves from device 10. Thus,
device 10 and container 30 are oriented to align the emission
of acoustic waves from device 10 with a sample contained
in container 30. Container 30 may be entirely acoustically
transparent, or contains at least one window 32¢ that is
acoustically transparent and that is aligned with the emission
pathway of device 10. As one non-limiting example; con-
tainer 30 may include a plastic cuvette having windows
32a32d cut therethrough and covered with KAPTON®
(polyimide) film or other acoustically transparent film One
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knowledgeable in the art will realize that it may be advan-
tageous to place the acoustic window or windows of the
sample container at some non-perpendicular angle relative
to the direction of wave propagation so as to reduce the
magnitude of received echoes from the interfaces with the
window(s). Multiple measurements may be performed at the
same time using an array of sample containers 30, for
example. One knowledgeable in the art will recognize that
such an array may either consist of individual containers, or
a single container with multiple sample compartments.
Additionally or alternatively, an array of transducers may be
included in device 10, or an array of devices 10 may be used
to make multiple measurements. Thus, for example, mul-
tiple transducers and/or multiple devices 10 may be pro-
vided to analyze multiple samples in parallel, wherein the
multiple samples are contained in multiple individual con-
tainers or a single container with multiple sample compart-
ments.

[0034] Assembly 1 may be submerged in a tank of water
or other coupling medium to facilitate transmission of the
acoustic waves. Alternatively, device 10 (or other acoustic
emitter and receiver) may be placed in direct contact with
the sample. Still further, device 10 may be adapted to deposit
the sample directly in contact therewith, for example placing
a drop (or other quantity) of blood on a transducer contained
in device 10 or other application feature of device 10. In the
case where a bath (of water or other coupling medium) is
provided, the bath may be a constant temperature bath or
other means may be provided to maintain a constant sample
temperature. In cases where no bath is used, it may be
advantageous to place the sample in contact with a material
of controlled temperature, so as to control the sample
temperature. Another alternative is the use of device 10
invasively. For example, device 10 may be inserted intra-
vascularly and delivered to the location of a stent to char-
acterize any clotting that may be occurring as well as
characterize the progression or stage of a clot that may be
present. Similar intravascular techniques can be applied for
identifying and/or characterizing clot processes with regard
to DVT, as well as for other clotting events throughout the
body, as long as the location is accessible by catheter or
other delivery instrument, for example. Thus, not only are
intravascular insertions, deliveries or locations mad possible
by the device, but the device may also be positioned at an
intracavity location or other location inside of the body.

[0035] Device 10 includes an acoustic wave generating
source capable of generating one or more pulses, at least one
of which is of sufficient intensity to induce measurable
physical displacement in the soft tissue contained in con-
tainer 30. For example, device 10 may include one or more
piezoelectric transducers capable of generating ultrasonic
waves. Alternatively, device 10 may utilize an electric
circuit to generate rapid heating and thereby generate acous-
tic energy. Further alternatives may be employed for gen-
erating acoustic energy, including, but not limited to: an
ultrasonic generator fabricated using microelectromechani-
cal systems (MEMS); a capacitive micromachined ultra-
sound transducer; a laser used to heat a target material
thereby generating acoustic energy, where the laser may be
targeted on a permanent component of the assembly, or on
a surface of the sample, for example. Still further alterna-
tively, a transducer may be incorporated into the sample
container 30 in lieu of providing it in the device 10, as in a
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case, for example, where a polymer transducer material such
as PVDF may be glued right onto the surface of the sample
container 30.

[0036] Device 10 further includes at least one sensor
capable of measuring displacement or deformation induced
by the acoustic waves as they are applied to the soft tissue
sample and reflected by the soft tissue sample back to device
10. In this configuration, an ultrasound sensor may be used
to track the motion of the sample as induced by at least one
ultrasonic wave of sufficient intensity to induce displace-
ment of the tissue. Alternatively, tracking of the motion may
be accomplished by means other than sensing reflected
acoustic waves. For example, optical coherence tomogra-
phy, a focused light interferometer or later Doppler may be
used to optically sense the displacement of the tissue
induced by the one or more ultrasonic waves. Device 10 may
include one or more sensors for carrying out any of these
optical methods or such sensors may be provided in equip-
ment that is separate from device 10. Likewise, for acoustic
sensing, the one or more sensors may be one and the same
as the acoustic wave generator, or may be a separate
component(s) and may take any of the forms described
above with regard to the acoustic wave generating compo-
nent. Typically, an ultrasonic transducer may be used to both
apply ultrasonic waves to the soft tissue as well as to sense
ultrasonic waves reflected back from the tissue. An adjoin-
ing processor (not shown in FIG. 1) may be provided to
control the timing of transmission of pulses and of receiving
of echoes (reflected pulses) by device 10.

[0037] FIG. 1B shows an example wherein a second
device 10" is positioned in alignment with device 10, but on
the opposite side of container 30 compared to the location of
device 10. In this example, container 30 may be entirely
acoustically transparent, or contain at least two windows
32a and 32d that are acoustically transparent and that are
aligned with the emission pathway of device 10 to permit
emissions to pass through both windows 324 and 324 to be
received by device 10'. System 1 shown in FIG. 1B, in
addition to performing the measurements that the system of
FIG. 1A performs, can also measure acoustic properties,
including speed of sound and attenuation, which provide
indirect measures of tissue microstructure and which may be
used for calibration purposes.

[0038] According to Torr, “The Acoustic Radiation Force,
Am. J. Phys., vol. 52, pp. 402-408, 1984, which is hereby
incorporated herein, in its entirety, by reference thereto,
acoustic radiation force arises from two sources: “a non zero
time-averaged sound pressure in the ultrasonic beam, and
the momentum transported by the beam.” Torr argues, and it
has been widely accepted, that the momentum transfer
component of this force dominates under most conditions.
This momentum transfer results from attenuation of the
propagating ultrasound beam via both absorption and scat-
tering. For the case of total absorption the applied radiation
force is simply:

F=Wie a

where W is the acoustic power and c is the speed of sound
in the medium. In the case of perfect reflection this radiation
force is doubled. In both cases radiation force acts along the
direction of wave propagation.

[0039] In biological media absorption and reflection are
neither total, nor isolated at interfaces. Rather, attenuation
and reflection (in the form of scattering) occur throughout
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volumes of tissue. In these cases radiation force acts as a
body force, with the force on a given volume simply equal
to the sum of the force from absorption and that from
scattering. If we assume that scattering in the tissue consists
purely of backscatter, which is of course overly simplistic,
then the radiation force applied to a given volume of tissue
is:

F=W /e+2W /e 2)

where W is the absorbed ultrasound power and W_ is the
scattered ultrasound power within the volume. If we further
simplify by recognizing that only a fraction of the scattered
energy is returned as backscatter, and that attenuation is
dominated by absorption rather than scattering, then (2) can
be simplified as:

F=W,fc=A/cly(e 21 -¢22) 3)

where A is the cross sectional area of the volume of interest
(perpendicular to the axis of propagation), I, is the ultra-
sound intensity that would be observed in the absence of
attenuation, o is the amplitude attenuation coeflicient in
Nepers per centimeter per MHz, f is the ultrasonic center
frequency in MHz, and 7, and 7, are the ranges of the front
and back of the volume in units of centimeters.

[0040] By utilizing two devices 10 and 10' (wherein
device 10 at least contains an emitter and device 10' contains
at least a sensor for receiving the waves/pulses that pass
through window’s 324,324 the system can also measure the
waves that pass from device 10 to device 10' and estimate
acoustic properties of the sample being analyzed. Examples
of acoustic properties that may be estimated include attenu-
ation, scattering, and speed of sound during sonorheometry
procedures. The data received by device 10' may be used to
make predictions/estimations of the applied radiation force
and compare experimentally determined displacements to
predicted displacements.

[0041] It should be noted that although FIG. 1A shows an
example of apparatus for performing analysis in vitro (such
as in a laboratory setting, or from a self-operated testing kit,
for example) after taking a sample to be analyzed from a
patient and depositing it in container 30, alternatively, the
present invention may also be practiced non-invasively, such
as by applying acoustic waves from a device 10 transder-
mally through a patient 2 (in vivo) to the targeted tissue to
be analyzed, see FIG. 1C. A single time frame analysis of
one or more physical properties of the tissue may be made,
or time series studies may be performed by applying the
waves transdermally at different time periods, using the
techniques described herein for the in vitro studies. Of
course the in vivo analyses would typically not involve
administration of thrombin or other coagulant to a patient.
However time studies may be done to test the effectiveness
of an anti-clotting treatment regimen for example. Similarly,
time studies may be dime to test the effectiveness of a
pro-clotting regimen given to a patient to increase the ability
of the blood to clot, such as in the case of a hemophiliac, for
example. Likewise, the administration of thrombin is not
necessarily required for time studies in vitro, as there are
other techniques that may be substituted to initiate coagu-
lation, such as snake venom, the use of ground glass to
initiate coagulation, etc.

[0042] Non-invasive applications of the current invention
include characterizing a stage of development of a blood clot
by generating a series of acoustic pulses and transdermally
directing the series of pulses into the blood such that at least
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one of the pulses are of sufficiently high intensity to induce
physical displacement of the blood, receiving at least two
pulses, including at least one pulse reflected from the blood
to establish a baseline and another pulse reflected from the
blood to estimate at least one characteristic of the physical
displacement induced by the waves. Alternatively, the at
least two pulses identified above as being used for estab-
lishing baseline and estimating a characteristic resulting
from the physical displacement of the sample, do not nec-
essarily have to be reflected from the blood/sample. For
example, if the sample is contained within membranes that
move with the movement of the blood/sample or in a
container 30 that is sufficiently flexible (such as a membra-
nous container, for example) to move with the movements of
the blood/sample, then the at least two pulses could alter-
natively be those reflected from the surfaces of the flexible
sample container or other membranes placed within the
sample, as the movement of the sample (e.g., development
of the clot) will alter the position of the surfaces or mem-
branes.

[0043] The at least one estimate may be compared to
previously generated data to gauge the stage of development
of the blood clot being analyzed. The previously generated
data may be reference data, such as generated across a larger
number of patients and then averaged to determine normal
characteristics, as well as to find average levels for charac-
terizing different stages of clotting for example. Optionally,
one or more algorithms, techniques or statistical processes
may be applied to the at least one estimate to correct for
attenuation, scatter and/or other variables before making
comparisons to the previously generated data and/or data-
base. Additionally, or alternatively, the prior data or previ-
ously generated data may be data generated from one or
more previous applications of the present invention to the
same patient for the same tissue at prior times. This approach
may be used to develop a history, to show the progression of
the development of the clot for example. Of course, the in
vitro apparatus described herein could be used to carry out
the same tests outside of the body, such as in a laboratory or
a patient’s home test kit.

[0044] Still further evaluation of the effectiveness of an
anti-clotting treatment may be performed, such as by evalu-
ating the blood prior to application of the treatment by
generating a series of acoustic pulses and directing the series
of pulses into the blood such that at least one of the pulses
is of sufficiently high intensity to induce physical displace-
ment of the blood, receiving at least two pulses reflected
from the blood to establish a baseline and to estimate at least
one characteristic of the physical displacement induced by
the waves, and then repeating these steps at at least one time
after administration of the treatment Of course, as noted
earlier, alternative sensing or receiving steps may be taken
to track the movement of the blood, such as by using any of
the alternative sensing techniques described above, e.g,,
laser Doppler, optical coherence tomography, etc. Repeated
applications of the steps at predetermined time intervals may
be performed if needed to ensure a stabilization of the
properties measured, as a result of the treatment. Alterna-
tively, the analysis may indicate that a larger or smaller dose
of treatment is needed, or that the treatment is ineffective for
a particular patient.

[0045] Alternatively, evaluation of the effectiveness of an
anti-clotting treatment may be performed by carrying out the
analysis steps a number of times after treatment, at prede-
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termined time periods after the administration of the treat-
ment, for example. The results generated from each iteration
can then be compared and analyzed to note any changes in
the at least one physical characteristic that is being mea-
sured/estimated.

[0046] Maintenance monitoring can be carried out by the
same techniques noted, wherein a patient can be periodically
tested to ensure that a clot has not progressed further and/or
is dissolving.

[0047] FIG. 2 shows a schematic representation of an
example of a system 50 for characterization of changes in
physical properties of soft tissue over time. In this example,
a transducer 52, such as may be contained in a device 10 as
described above, or directly mounted, fixed to or integral
with a container holding a sample 51, for example, is
connected to a transmitter 54 as well as receiver 56, both of
which are controlled by processor 58 and timed by clock 60.

[0048] Clock 60 is provided to control the timing of
application of radiation to the sample as generated by
transmitter and converted to the acoustic energy at trans-
ducer 52, as well as the timing of receiving and interpreting
the reflected waves (echoes), by conversion through trans-
ducer 52 and receipt of the converted signals at receiver 56,
all of which is controlled by one or more processors/
microprocessors 58.

[0049] Displacements of the soft tissue may be induced by
delivering one or more acoustic pulses according to a
predetermined frequency through device 10. The displace-
ments may be estimated by applying one or more signal
processing algorithms (e.g., minimum sum squared differ-
ence motion tracking algorithm, etc.) to the acquired echoes
of every nth delivered pulse where “n” is a predefined
integer. Alternatively, the signal processing algorithms may
be applied to every pulse received. Similarly, algorithms
may be applied at every n” time interval for optical waves
received. Parameter measurement may be initiated at a
predetermined time after one or more coagulation reagents
are added to the sample, and such measurements may be
repeatedly performed, e.g., once after each passage of a
pre-designated time period or according to predefined time
intervals for measurement. At each acquired time lapse, a
time-displacement curve may be generated from which the
viscoelastic parameters of the sample can be determined.

[0050] FIG. 3 is a graph 100 showing a set of time-
displacement curves 110, 120, 130 obtained during coagu-
lation of a blood sample using the techniques described.
Curves 110, 120 and 130 are superimposed on accompany-
ing model predictions, where the mechanical properties of
the forming thrombus are modeled by a modified Voigt
model 150 as shown in FIG. 4. Experimental results and
theoretical predictions show excellent agreement. The basis
of the model from which the mechanical parameters are
derived is the Voigt model in series with an inertial com-
ponent.

[0051] The modified version 150 of the Voigt model may
be used to model the viscoelastic response of blood to
acoustic radiation force from which mechanical parameters
of the blood may be estimated. Model 150 includes an
inertial component “m” in series with the traditional Voigt
model, which includes a spring k in parallel with a dashpot
1, as shown in FIG. 4. The governing differential equation
for the model is:
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where F(t) is the applied force as a function of time, x(t) is
the induced displacement as a function of time, k is the
elastic constant, p is the viscous constant, and m is the
inertial component. System 50 applies radiation force by
transmitting a series of pulses to the same location in the
blood sample. Assuming that the pulse-to-pulse interval is
much shorter than the time constant of the blood’s mechani-
cal response, the forcing function may be modeled as a
temporal step function as follows:

F(fy=Au(z) )

where A is the force amplitude. Substituting equation (5)
into equation (4) and solving for the displacement yields:
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[0052] where € is the damping ratio, ® is the natural
frequency (in radians per second) and s is the static sensi-
tivity. These parameters are defined as:

ro_H ™
2Vk-m

. ®

w= |~

m
A ©
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[0053] In the examples described herein, the force scaling

constant A was not measured. Thus the time-displacement
data in this situation can only be used to solve for relative
parameters. To address this limitation, the equations (7), (8)
and (9) are redefined according to the following equations
(10), (11) and (12) using relative measures of elasticity k,
viscosity ., and mass m,:

Hr (10)

11

where k,=k/A, uw,=l/A and m =m/A.

[0054] Although the viscosity, elasticity and inertia are
measured as force-dependent parameters, the natural fre-
quency and the damping ratio still remain force-free or
force-independent parameters. It is further possible to define
a third force-independent parameter, i.e., the time constant T
as:
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[0055] The fact that the actual data shown in FIG. 3
waivers or oscillates somewhat about the model data curves
suggest that a different model might be used to even more
closely model the behavior. In one possible modification, a
dashpot would be placed in series with the model shown in
FIG. 4. However, the model of FIG. 4 accurately described
the response of the blood during formation of a clot with
correlation between the data and the model of FIG. 3 being
greater that 99% in most of the cases analyzed.

EXAMPLE

[0056] The following example is put forth so as to provide
those of ordinary skill in the art with a complete disclosure
and description of how to make and use the present inven-
tion, and are not intended to limit the scope of what the
inventors regard as their invention nor are they intended to
represent that the experiments below are all or the only
experiments performed. Efforts have been made to ensure
accuracy with respect to numbers used (e.g. amounts, tem-
perature, etc.) but some experimental errors and deviations
should be accounted for. Unless indicated otherwise, parts
are parts by weight, molecular weight is weight average
molecular weight, temperature is in degrees Centigrade, and
pressure is at or near atmospheric.

[0057] An experimental system 1 as schematically repre-
sented in FIG. 5 was used. Device 10 was mounted at one
end of a rail and a container 30 was mounted on the opposite
end portion of rail 20. Device 10 included a 1.0 cm diameter
single piston transducer (General Electric Panametrics
V327, Waltham, Mass.) mounted on a five-axis gimbal
mount (Newport Corporation, Irvine, Calif.). The transducer
had a fixed focus at 4 cm. The transducer was held with the
focus at the center of a modified 4.5 mL polystyrene cuvette
30 (Fisher Scientific) that held the blood sample. Cuvette 30
was secured to the rail 20 at a slight tilt so that reflections
from the cuvette surface would be directed away from the
transducer. Each cuvette 30 was modified by drilling a hole
32a,32d approximately 7 mm in diameter through the front
and back sides of cuvette 30 and using silicone sealant (Dow
Corning, Baltimore, Md.) to mount a KAPTON® (Dupont,
Wilmington, Del.) window over each opening. The KAP-
TON® windows are acoustically transparent and were pro-
vided along the acoustic beam axis of the assembly. The
assembly 1 was placed in a water bath held at a room
temperature of 21° C.

[0058] Transmitted pulses were Gaussian enveloped sinu-
soids with a center frequency of 10 MHz and a full-width
half maximum fractional bandwidth of 75%. The sinusoidal
pulses were amplified by 50 dB prior to transmission for a
peak-to-peak amplitude of 136 volts. Based on hydrophone
measurements performed in the lab, this transmit voltage
corresponded to an acoustic intensity (I,,;,) of 300 mW/ cm?.
A series of 4,000 acoustic pulses were transmitted by the
transducer at a pulse repetition frequency of 5 kHz to
generate acoustic radiation force within the blood. The
returning echoes of every tenth transmitted pulse were
acquired in order to estimate displacements induced by
radiation force. The same digital clock was used to drive
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pulse generation and data acquisition, reducing sampling
jitter to the order of picoseconds.

[0059] To confirm the accuracy of these techniques, pre-
liminary experiments were first performed with a control
solution. Results obtained from these preliminary experi-
ments were compared to results obtained from use of a
conventional rheometer (TA Instruments AR-2000 constant
stress rheometer, available from TA Instruments, Wilming-
ton, Del.). An aluminum double-concentric cylindrical
geometry was chose for the conventional rheometer because
it is best suited for lower viscosity samples that are not
sufficiently solid to maintain their structures under a cone
and plate or parallel plate setup.

[0060] The control solution consisted of a liquid soap
(Clean & Clear® Daily Pore Cleanser, Johnson & Johnson)
diluted with deionized water. Although a broad variety of
solutions were analyzed, including blood mimicking fluids
(for flow measurements) and glycerol solutions, the liquid
soap solution specified above was bound to offer an appro-
priate viscoelastic response while remaining homogeneous
and stable over time. Further, the spherical “micro-scrub-
bers” in the soap were excellent ultrasonic scatterers. The
control solution consisted of 60% liquid soap diluted with
40% deionized water. A volume of 20 mL of the control
solution was prepared, subsequently vortexed, and placed
overnight in a vacuum chamber at 20 mmHg to remove air
bubbles trapped within the solution.

[0061] Approximately 4 mL of the control solution was
placed in a 4.5 mL polystyrene cuvette 30 (having been
modified as described above) and secured to rail 20 as
described above. A sequence of 4,000 pulses was transmitted
according to the experimental protocol previously described.
A sequence of ten acquisitions was obtained. The solution
was gently stirred with a needle between each acquisition to
generate a new speckle pattern and avoid settling of the
“micro-scrubbers”. The remaining 16 mL of solution was
used to perform a creep test in the conventional cylindrical
rheometer. Displacement data was obtained from an applied
shear stress. Because the amount of force applied by acous-
tic radiation cannot easily be quantified, the maximum
displacement observed according to the present techniques
(sonorheometry) in the control solution was used to establish
the applied shear stress for the creep test on the conventional
rheometer. The computer controlling the conventional rhe-
ometer was programmed to Perform a sequence of ten
repeated creep tests for each acquisition obtained with
sonorheometry. The temperature control or the conventional
rheometer was set to 21° C. to match the temperature of the
water bath during sonorheometry experiments.

[0062] Following the completion of the control experi-
ments, sonorheometry experiments were performed on
blood samples of approximately 4 mL in volume each.
Blood was drawn from four healthy volunteers in their
mid-twenties and each sample was placed into a modified
4.5 mL polystyrene cuvette 30 having been modified as
described above. One of the four test subjects (referred to as
“male 27) indicated a recent history of a clotting disorder
(deep vein thrombosis). Thrombin (0.5 units per mL of
blood) was immediately added to each drawn blood sample
in order to induce coagulation. Each combined sample was
inverted Multiple times to mix the thrombin within the
sample. Each cuvette 30 of coagulating blood was mounted
to the rail 20 as described above. Sonorheometry experi-
mental protocol was initiated within two minutes of the
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addition of thrombin. Sonorheometry measurements were
repeated over a seventy minute period in order to charac-
terize the blood sample for each respective cuvette 30. Data
was acquired every minute for the first ten minutes, every
two minutes for the next ten minutes, every three minutes for
the next fifteen minutes, and finally, every five minutes for
the next thirty-five minutes for a total of twenty-six acqui-
sitions per sample.

[0063] The sum squared differences (SSD) algorithm was
applied between the first and the n™ echoes (where n is a
predefined integer that defines how often echoes or waves
are considered to estimate a tissue displacement measure-
ment; in this example, n was set to 10) to determine the
tissue displacement at a given range, see Viola et al, “A
Comparison of the Performance of Time Delay Estimators in
Medical Ultrasound”, IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, vol. 50, no. 4, pp.
392-401, 2003, which is incorporated herein, in its entirety,
by reference thereto. Sub-sample delays were estimated by
identifying the location of the peak of a parabolic fit about
the minimum of the SSD grid. The ensemble of these
displacement estimates form a time-displacement curve that
holds combined information about both elastic and viscous
components of the blood sample being analyzed.

[0064] In order to model the viscoelastic response of
coagulating blood to thus estimate the mechanical param-
eters, the modified version of the Vogt model (described
above with regard to FIG. 4) was applied to the experimental
data acquired. The governing differential equation for this
application is equation (1) above. Device 10 of system 1
applied radiation force by transmitting a series of 4,000
ultrasonic pulses to the same location within the blood
sample.

[0065] A portion of the results obtained from analyzing the
control solution is shown in FIGS. 6A-6C. Of one hundred
paired time-displacement curves, each overlaying a curve
obtained via sonorheometry over a corresponding curve
obtained with the convention cylindrical rheometer, three
such curves are shown, see FIGS. 6A-6C, respectively. The
sonorheometry data is presented as a continuous line 500s,
while the conventional cylindrical rheometer data is dis-
played by circles 500¢. Similar results to those shown were
obtained for the remainder of the control experiments. The
correlation coeflicient between the data obtained by the two
methods ranged from 0.9990 to 0.9999, with an overall
mean correlation coefficient of 0.9993.

[0066] FIG. 7 shows estimated time constants (i.e., “tau”
or “r’) as a function of maximum achieved displacement.
Black circles 600s represent the time constants estimated
from the present methods (sonorheometry) while gray dia-
monds 600¢ represent the estimates from the conventional
rheometer. The time constants, as shown, have values rang-
ing from approximately 0.45 to 1.91 seconds, while the
majority of the time constants lie around 0.6 seconds.
[0067] FIG. 8 shows a set of time-displacement curves
obtained from one blood sample along with the accompa-
nying best fit model predictions. The predictions are the
smooth lines and the time displacement curves generated
from the experimental data are the slightly wavering lines.
The displayed curves indicate displacement at the same axial
location with cuvette 30 for a single sample taken from
female subject 2. Although coagulation data was acquired at
twenty-six time intervals in the seventy minute experimental
period, for sake of simplicity, only the experimental curves
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obtained at two, eight and twenty minutes have been dis-
played. Similar curves were obtained for the other acquisi-
tion times. Experimental results and best fit models show
excellent agreement. The peak-to-peak error in displacement
estimates was on the order of 0.5 microns.

[0068] Maximum detected displacement of the blood
samples progressively decreased as a blood clot started to
form in each respective cuvette 30. After a certain amount of
time, which was unique to each subject, no appreciable
displacement could be detected. The results also suggested
that the axial position from which displacements were
detected became progressively narrower with the passage of
time.

[0069] The estimated (calculated) relative modulus of
elasticity and relative viscosity values clearly showed that
the relative modulus of elasticity increased as the clot
formed, and this was consistent for all four subjects tested.
As to viscosity, the two female subjects showed increasing
relative viscosity as the clots were forming, while for the
male subjects, relative viscosity remained fairly constant,
with some increase near the conclusion of coagulation.
[0070] As to force-free (force independent parameters),
the time constant, expressed in seconds, decreased with time
for all four subjects, which was expected since the blood
becomes stiffer as time elapses. For example, the time
constant of the “female 1” subject decreased from about 0.6
seconds at the two minute test time to a value of about 0.3
seconds at the twenty minute test time, and the time constant
of the “male 2” subject had a value of 0.45 seconds at the
two minute test time and decreased to 0.2 seconds at the
sixteen minute test time. Similar trends were observed for
damping ratios, where clotting blood exhibits lower values.
As expected, blood samples are always over-damped sys-
tems. In contrast with the other two force-free parameters
examined, natural frequency increases as blood is coagulat-
ing, reaching values of about 500 rad/sec (for female 1 and
female 2).

What is claimed is:

1. A method of characterizing at least one property of a
biological material, said method comprising:

testing a first portion of the biological material;

estimating a quantitative value of a property of the first

portion;

treating a second portion of the biological material with a

treatment to vary a quantitative value of said property
from said quantitative value of the property of the first
portion having been estimated,

testing the second portion of the biological material

having been treated,

estimating a second quantitative value of said property of

the second portion;

comparing said first quantitative value with said second

quantitative value; and

evaluating an effect of said treating on said property of the

biological material.

2. The method of claim 1, wherein said testing a first
portion of the biological material and said testing the second
portion of the biological material are performed in parallel.

3. The method of claim 1, further comprising:

treating a third portion of the biological material with a

treatment to vary a quantitative value of said property
from said first and second quantitative values of the
property of the first and second portions having been
estimated;

Oct. 19, 2017

testing the third portion of the biological material having

been treated;

estimating a third quantitative value of said property of

the third portion;

comparing said third quantitative value with said first and

second quantitative values; and

evaluating an effect of said treating on said property of the

biological material.

4. The method of claim 1, wherein the biological material
is blood.

5. The method of claim 4, wherein said treating comprises
treating the second portion of the blood with an anti-clotting
or pro-clotting treatment.

6. The method of claim 1, wherein said testing comprises:

generating a series of acoustic pulses and directing said

series of pulses into the biological material such that at
least one of the pulses is of sufficiently high intensity to
induce physical displacement of the biological mate-
rial; and

measuring a displacement, either directly or indirectly, of

the biological material resulting from said induced
physical displacement thereof; and

wherein said estimating is based on said measuring.

7. The method of claim 6, wherein the temperature of the
biological material is controlled over a duration of said
measuring a displacement.

8. The method of claim 6, further comprising repeating
said generating and estimating steps after passage of a time
interval.

9. The method of claim 8, wherein said estimating is
based on receiving at least two of said acoustic pulses
reflected from the biological material and estimating the at
least one property based on the acoustic pulses received.

10. The method of claim 8, wherein said estimating is
based on receiving optical reflections from the biological
material as the biological material is being physically dis-
placed and estimating the at least one property based on the
optical reflections received.

11. The method of claim 8, wherein said generating and
estimating steps are repeated after passage of each of a
plurality of predetermined time intervals.

12. The method of claim 8, wherein said at least one
property comprises at least one parameter determined by
fitting experimental data including a plurality of said esti-
mates or measurements, to a theoretical model defining the
at least one property.

13. The method of claim 1, wherein said at least one
property comprises at least one of relative viscosity and
relative elasticity of the biological material.

14. The method of claim 1, wherein said at least one
property comprises at least one force-free parameter.

15. The method of claim 6, wherein the biological mate-
rial is blood.

16. The method of claim 8, further comprising receiving
at least a portion of said pulses that pass through the
biological material and estimating at least one acoustic
property of the biological material.

17. The method of claim 16, further comprising estimat-
ing a magnitude of applied force of the at least one pulse
having sufficiently high intensity to induce physical dis-
placement of the biological material, based upon said at least
one estimated acoustic property.
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18. The method of claim 16, wherein said at least one
acoustic property comprises at least one of attenuation and
speed of sound.
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