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(57) ABSTRACT

The embodiments described herein relate generally to an
elastography method and system for obtaining ultrasound
images of an excited tissue over a certain time period, then
computationally determining one or more mechanical prop-
erties of the tissue within a real time refresh rate. This method
can perform elastography in real time as only a thin volume of
the excited tissue is imaged and processed. The thin volume
includes a desired cross-sectional plane of the tissue and at
least two adjacent planes that are adjacent to the desired
cross-sectional plane. A maximum number of adjacent planes
is selected so that a computer system is capable of computa-
tionally determining mechanical properties within a real time
refresh rate.
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ELASTOGRAPHY USING ULTRASOUND
IMAGING OF A THIN VOLUME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to a U.S. provi-
sional application having serial number 6,1525,378, filed on
Aug. 19,2011, the entirety of which is herein incorporated by
reference.

FIELD OF INVENTION

[0002] This invention relates generally to medical imaging,
and in particular to elastography using ultrasound imaging of
a thin volume of a subject such as tissue to determine visco-
elastic properties of the subject.

BACKGROUND

[0003] Elastography generally refers to methods of imag-
ing mechanical properties of tissue such as elasticity, viscos-
ity, relaxation time, shear modulus, porosity. etc. Elastogra-
phy is generally carried out in four steps:

[0004] 1. exciting the tissue by causing some form of
deformation or movement in the tissue;

[0005] 2. observing and recording with a medical imag-
ing device a series of images depicting the motion of
different locations in the tissue over an interval of time;

[0006] 3.estimating the displacements of the tissue at the
different locations and time instances from the series of
images; and

[0007] 4. estimating mechanical properties of the tissue
such as elasticity and viscosity from the estimated dis-
placements.

[0008] Numerous elastography systems have been pro-
posed in the art by combining different types of excitation,
with different imaging modalities. Known imaging modali-
ties include ultrasound and magnetic resonance imaging
(MRI), as well as optical coherence tomography (OCT) and
x-ray computed tomography (CT). Different methods have
also been proposed for estimating the displacements, and
estimating elasticity and viscosity from the estimated dis-
placements.

[0009] The majority of the magnetic resonance elastogra-
phy (MRE) methods in the art use steady-state excitation,
although transient excitation has also been studied for use in
MRE. The majority of the ultrasound elastography methods
in prior art use transient excitation, although steady-state
excitation has also been studied.

[0010] Compared to MRI, OCT or CT, ultrasound imaging
has certain advantages, such as lower cost, lighter weight and
easier operation. However, existing real-time ultrasound elas-
tography systems that provide imaging of tissue properties
use techniques that are computationally intensive and which
require sophisticated and expensive computing hardware, or
which acquire images only in a 2D imaging plane. Such 2D
measurements introduce errors or diminish the ability to mea-
sure the absolute value of elasticity, and instead measure just
relative variations throughout an image. Therefore, existing
ultrasound elastography systems using probes which only
acquire data in a2D imaging plane tend to produce inaccurate
measurements.
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BRIEF SUMMARY OF THE INVENTION

[0011] According to one aspect of the invention, there is
provided an elastography method for imaging at least one
mechanical property of a tissue in a desired cross-sectional
plane of the tissue. The method comprises: applying a steady-
state vibration to the tissue to generate tissue displacements in
the tissue; ultrasound imaging a thin volume of the tissue over
atime period by acquiring a set of image data representing the
thin volume over the time period including said desired cross-
sectional plane and at least two planes adjacent to the desired
cross-sectional plane; computationally estimating a plurality
of phase-synchronized displacements over the time period for
aplurality of spatial points in the thin volume wherein at least
one spatial point is located on each of the cross-sectional
plane and the adjacent planes; and computationally determin-
ing the at least one mechanical property of the tissue on the
desired cross-sectional plane by using the plurality of phase-
synchronized displacements. The number of adjacent planes
is selected such that the at least one mechanical property of
said tissue can be computationally determined within a real
time refresh rate which can be defined as being at least one
new frame per five seconds. The at least one mechanical
property can include any one or more properties selected
from: absolute elasticity, absolute shear modulus, absolute
shear wave speed, and absolute viscosity. Further, the at least
one mechanical property can be calculated from the plurality
of phase-synchronized displacements by using any one or a
combination of finite element method, local frequency esti-
mators, travelling wave expansion and direct inversion.
[0012] According to another aspect of the invention, there
is an elastography system for imaging at least one mechanical
property of a tissue in a desired cross-sectional plane of said
tissue. The system comprises: at least one vibration source
configured to generate a steady-state vibration; an ultrasound
probe configured to acquire a set of image data over a time
period representing a thin volume of a tissue including a
desired cross-sectional plane and at least two adjacent planes
adjacent to said desired plane; circuitry communicative with
the ultrasound probe to receive the image data therefrom and
comprising a processor with a memory having programmed
thereon steps and instructions for execution by the processor
to perform the elastography method described above; and a
display device communicative with the circuitry to receive
and display one or more images of the desired cross-sectional
plane and the determined mechanical property of the tissue
within the real-time refresh rate.

[0013] Theultrasound probe can be a 3D ultrasound probe.
More particularly, the 3D ultrasound probe can be a mechani-
cal 3D probe comprising a 2D probe with an external motion
stage. Alternatively, the 3D ultrasound probe can be a multi-
dimensional probe comprising a two dimensional matrix of
transducers.

[0014] The vibration source can be an electromagnetic
voice coil and be mounted on an adjustable arm. The arm can
be mounted on an ultrasound machine, a patient bed, or a
portable pole. Alternatively, the vibration source can be con-
figured as a hand-held device. Also, the vibration source and
the ultrasound probe can be integrated together into single
device.

BRIEF DESCRIPTION OF DRAWINGS

[0015] FIG. 1 is a perspective view of a vibration source
according to an embodiment of the invention.
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[0016] FIG. 2 is a schematic diagram depicting a configu-
ration for imaging a subject with an external probe according
to anembodiment of the invention, wherein a vibration source
is mounted on an adjustable arm connected to an ultrasound
machine.

[0017] FIG. 3 is a schematic diagram depicting a configu-
ration for imaging a subject with an endo-cavity probe
according to an embodiment of the invention, wherein a
vibration source is mounted on an adjustable arm connected
to an ultrasound machine.

[0018] FIG. 4 is a schematic diagram depicting a configu-
ration for imaging a subject with an external probe according
to anembodiment of the invention, whetrein a vibration source
is mounted on an adjustable arm connected to a patient bed.
[0019] FIG. 5is a schematic diagram depicting a configu-
ration for imaging a subject with an external probe according
to anembodiment of the invention, wherein a vibration source
is mounted on an adjustable arm connected to a portable pole.
[0020] FIG. 6 is a schematic diagram depicting a configu-
ration for imaging a subject with an external probe according
to anembodiment of the invention, wherein a vibration source
is directly vibrating a patient bed.

[0021] FIG. 7 is a schematic diagram depicting a configu-
ration for imaging a subject with an external probe according
to an embodiment of the invention, using a handheld vibration
source.

[0022] FIG.8isaschematic view of an integrated vibration
source and ultrasound probe according to an embodiment of
the invention, wherein the vibration source 1s located on the
side of the probe.

[0023] FIG.9is a schematic view of an integrated vibration
source and ultrasound probe according to an embodiment of
the invention, wherein the vibration source is configured to
vibrate ultrasound transducers of the probe.

[0024] FIG. 10 is a schematic view of an integrated vibra-
tion source and ultrasound probe according to an embodiment
of the invention, wherein the vibration source is configured to
vibrate an inertial mass.

[0025] FIG. 11 is a diagram depicting a cross-correlation
method forestimating displacements between two ultrasound
RF-lines according to an embodiment of the invention.
[0026] FIG. 12 is a diagram depicting a sampling of a
sinusoidal signal at different time intervals according to an
embodiment of the invention.

[0027] FIG. 13 is a diagram depicting sequential acquisi-
tion of RF-lines from a section of tissue with an ultrasound
probe according to an embodiment of the invention.

[0028] FIG. 14 is a diagram depicting sinusoidal signals
sampled at two different sampling frequencies according to
embodiments of the invention.

[0029] FIG.15is adiagram depicting the timeline of acqui-
sition of data from different points in a section of tissue when
the tissue is imaged by sequential acquisition of RF-lines
from said section according to an embodiment of the inven-
tion.

[0030] FIG. 16 is a diagram depicting a motorized external
3D probe according to an embodiment of the invention.
[0031] FIG. 17 is a diagram depicting a motorized endo-
cavity 3D probe according to an embodiment of the invention.
[0032] FIG. 18 is a diagram depicting a matrix array 3D
probe with a vibration source integrated according to an
embodiment of the invention, wherein the probe acquires 3D
data one plane at a time.
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[0033] FIG.19isadiagram depicting a motorized 3D probe
with a vibration source integrated according to an embodi-
ment of the invention.

[0034] FIG.20is atiming diagram depicting the correlation
between excitation and sync signals, and image acquisition
and plane switch signals

[0035] FIG. 21 is a perspective view of an external motion
stage used with an external 2D probe to generate 3D data
according to an embodiment of the invention.

[0036] FIG. 22 is a perspective view of an external motion
stage used with an endo-cavity 2D probe to generate 3D data
according to an embodiment of the invention.

[0037] FIG. 23 is a block diagram depicting an ultrasound
elastography system for performing real time elastography of
a subject according to an embodiment of the invention.
[0038] FIG. 24 is a block diagram depicting a correlation
based motion estimation algorithm implemented by a GPU in
the elastography system.

[0039] FIG. 25 depicts an exemplary absolute elasticity
image obtained by the elastography system.

DETAILED DESCRIPTION

[0040] Directional terms such as “top”, “bottom”,
“upwards”, “downwards”, “vertically” and “laterally” are
used in the following description for the purpose of providing
relative reference only, and are not intended to suggest any
limitations on how any element is to be displayed during use
or relative to an environment.

[0041] The embodiments described herein relate generally
to an elastography method and system for obtaining ultra-
sound images of an excited tissue over a certain time period,
then computationally determining one or more mechanical
properties of the tissue within a real time refresh rate. This
method can perform elastography in real time as only a thin
volume of the excited tissue is imaged and processed. The
thin volume includes a desired cross-sectional plane of the
tissue and at least two planes that are adjacent to the desired
cross-sectional plane. A maximum number of adjacent planes
is selected so that a computer system is capable of computa-
tionally determining mechanical properties within a real time
refresh rate. In this context, “adjacent” means spaced from
and beside the desired cross-sectional plane and in particular,
a suitable adjacent plane can be immediately beside the
desired cross-sectional plane or have one or more other planes
in between it and the desired cross-sectional plane. Also in
this context, areal time refresh rate is defined to be at least one
new frame per five seconds.

[0042] The method generally involves: exciting the tissue
to be imaged using a vibration source that can provide a
steady state vibration; acquiring ultrasound images of the
excited tissue in the form of radio frequency (RF) data in at
least two different times over a selected time period; estimat-
ing the displacement of the excited tissue from the RF data,
which comprises estimating phase-synchronized displace-
ments over the time period for a plurality of spatial points in
the ultrasound images; and determining a mechanical prop-
erty of the tissue such as absolute elasticity and viscosity from
the phase-synchronized displacements. Each of these steps
are described in more detail below.

[0043] The use of measurements of the displacements over
a volume is beneficial because it allows the measurement of
the spatial wavelength to be performed in all three spatial
directions. The speed of the imaging process is proportional
to the size of the volume, so a smaller volume is beneficial
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because it achieves faster imaging rates. The minimum num-
ber of data points in any of the spatial directions required to
calculate the spatial wavelength is three-two data points only
define a line and therefore cannot be used to estimate the
spatial wavelength of a waveform composed of sinusoids.
Three data points allow a curvature measurement to be made.
In other words, three data points allow the second spatial
derivative to be calculated, which can be used for measuring
the spatial wavelength.

Excitation Generation

[0044] Referring now to FIGS. 1 to 10, different embodi-
ments of a vibration source which can generate steady-state
excitations to excite a subject tissue, and means for applying
vibrations to a subject are provided for use with the elastog-
raphy method and form part of a elastography system.
[0045] In the embodiment shown in FIG. 1, excitation of
the subject tissue is generated by a mechanical vibration
source 101 which is capable of generating steady-state exci-
tations inthe 2 Hz to 1000 Hz range. The vibration source 101
can be an electromagnetic voice coil, or pneumatically or
hydraulically-driven. A rod 102 and pad 103 are used to
transfer the vibration to the tissue.

[0046] Different configurations for applying the vibration
source 101 to a subject and imaging the subject with an
ultrasound probe are shown in FIGS. 2 to 6. In these embodi-
ments, the vibration source 101 is mounted on an adjustable
arm 201. A handle 202 is provided on the adjustable arm 201.
A clinician can adjust the arm 201 by using the handle 202
and positioning a vibration pad 103 in contact with a patient
205 ata desired location and at a desired angle. In the embodi-
ments shown in FIGS. 2 and 3, the arm 201 is mounted on an
ultrasound machine 203. In the embodiment shown in FIG. 4,
the arm 201 is mountable on a patient bed 204. In the embodi-
ment shown in FIG. 5, the arm 201 is mounted on a portable
pole 206. FIG. 6 shows another embodiment wherein the
vibration source 101 transmits vibrations to a patient directly
through the bed 204 on which the patient is positioned.
[0047] FIG. 7 shows further another embodiment wherein
the vibration source 101 is a handheld device. An operator
uses one hand 401 to hold the vibration source so that the
vibration pad 103 is in contact with the patient, and the other
hand 402 to hold the ultrasound probe 403. Alternatively, one
operator can hold the vibration source 101, while another
operator performs the scan with the ultrasound probe.
[0048] FIG.8isa schematic view of an integrated vibration
source and ultrasound probe according to another embodi-
ment of the invention, wherein the vibration source 101 is
connected to the ultrasound probe 403 and located on the side
or top of the probe 403. Alternatively, two or more vibration
sources can be connected to two or more sides of the probe.
[0049] FIG. 9 shows an integrated vibration source and
ultrasound probe according to another embodiment of the
invention. In this embodiment, at least one vibration source
101 is directly connected to the transducer elements array
502. The generated vibrations are transferred through one or
more transducer elements in the array 502 to the tissue, acting
as the pad 103 of FIG. 1.

[0050] FIG. 10 shows an integrated vibration source and
ultrasound probe according to yet another embodiment of the
invention. In this embodiment, the vibration source 101 is
connected to the probe 403 and a mass 503 is attached to the
rod 102. When the mass 503 is moved in the direction 504 by
the vibration source 101, the reaction force causes the ultra-
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sound probe 403 to move in an opposite direction 505. The
motion in the direction 505 of the probe 403 is transferred to
the tissue when the probe 403 comes in contact with the
tissue. The mass 503 may be connected to the probe 403 by a
spring or a spring-damper system, which can be optimized to
achieve a larger motion in a specific frequency range, such as
tuning the spring-mass-damper system for a resonance with a
specific center frequency and quality factor. Alternatively, the
rod 102 of the vibration source 101 can be connected to the
probe 403, instead of its body 101, in effect using the vibra-
tion source body as the reaction mass and potentially reduc-
ing the total probe mass.

[0051] In another embodiment, the adjustable arm 201 of
the vibration source 101 is connected to the probe 403 instead
of the ultrasound machine 203.

[0052] In still another embodiment of the invention, exci-
tation is generated internally in the tissue by using acoustic
radiation force from an ultrasound machine.

[0053] To increase the amplitude of motion in the tissue,
any combination of two or more of the excitation sources
described herein can be used at the same time.

Steady-State Excitation

[0054] The present embodiments of the elastography
method utilize steady-state excitations. In this type of excita-
tion, the amplitude and phase of each frequency component
of the excitation signal is kept constant over time, and the
tissue is studied after the transient effects have dissipated.

[0055] In some embodiments of the elastography method,
an excitation signal v(t) applied to the vibration source 101
can be in the form of a pure sinusoid at a frequency f:

v(f)=a sin(2nft) )]

[0056] When the exciter pad 103 or the probe 403 is vibrat-
ing at this frequency, comes in contact with the tissue and is
held fixed in space, the vibration pattern in the tissue will
reach the steady-state after a short period of time. In this
steady state, every point in the tissue will be vibrating at the
same frequency f with a sinusoidal pattern, but with differing
phases and amplitudes at each location. If the subject is not
moving, and the probe and exciter positions are fixed in space,
the phase and amplitudes will not change with time, hence the
name steady-state. In this setting, the displacement u(x,t) of
each tissue point X can be represented by its amplitude a(x)
and its phase ¢(X), as a complex number. The complex num-
ber representation, which we denote by Ux) is defined as the
phasor of the displacement at point X at frequency .

u(x,f)=a(x)sin{2fi+(x) = Ux)=a(x)exp(jp(x)) @
[0057] In some other embodiments of the elastography

method, the excitation signal v(t) can be the sum of at least
two sinusoids at different frequencies:

Wo) = Z bisin2nfit +6:) &)

[0058] At steady-state, the displacement of each point in
the tissue u(t) is also a sum of sinusoids at the same frequen-
cies as contained in the excitation:
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WE, 1) = Z a®sin@rfir + ¢:(F) 4

i

and a phasor of displacement for every specified frequency f;
is defined as:

Uy (9)=a,()exp(i, (), U (5)=a, (5)exp (,()), ®)

Displacement Estimation

[0059] Referring to FIG. 11, the described embodiments of
the elastography method employ a process of estimating tis-
sue displacement from radio frequency (RF) data 602 and 603
collected by the ultrasound machine at two different times.
Such tissue displacement estimation can be based on pro-
cesses known in the art, such as those described by A
Manduca, R Muthupillai, P J Rossman, J F Greenleaf, and R
L Ehman in “Local wavelength estimation for magnetic reso-
nance elastography” (Proceedings International Conference
on Image Processing, 1996, Vol. 3, pp. 527-530.)

[0060] The two sets of RF data 602 and 603 are acquired at
different times, between which the displacements are to be
estimated. The RF data 602 and 603 are divided into blocks
604 and a search is carried out for blocks that match according
to a similarity measure. Each block 604 represents a small
volume of tissue located at a typical point X 607 in the tissue.
[0061] In one embodiment of the elastography method, a
normalized correlation 608 is used as the similarity measure.
A peak of the correlation 605 shows a match (high similarity)
between the blocks and a dislocation 606 between the match-
ing blocks is assumed to be the displacement of a typical point
X, 607. This displacement 701 is shown in FIG. 12 as a
function of time for a sinusoidal excitation. The result is an
estimate for the displacement u(x,(t,.t, ,)) of a small volume
of tissue at X, between discrete times t, and t,, ;.

[0062] Inoneimplementation of thedisplacement tracking,
all the displacements for point X are computed with respect to
a given time t,. This method is known as absolute displace-

ment tracking, and yields, for different times t,, t,,t5, . . ., tz,
displacements

EX RN RZEX RV BT (R 2Y) N7 CX (%) (6)
[0063] In another implementation, the displacements are

computed between data from consecutive acquisition times.
This method is known as relative displacement tracking, and
yields, for different times t, t,, t;, . . ., t;, displacements

({2,301, 1)) (X (13, 0)), - - - (3t 15))- @]

[0064] The absolute displacements can be found by taking
the cumulative sum of the relative displacements, and the
relative displacements can be found by taking the difference
of the absolute displacements.

Phasor Displacement Estimation

[0065] Inorder forthe present embodiments of the elastog-
raphy method to use the aforementioned displacement data to
determine the mechanical properties of the tissue, the dis-
placement, or phasors, must be phase-synchronized. A phasor
displacement estimation step can be performed to find phase-
synchronized phasors (“in-sync phasors™) Uﬁ(i) for each
point X 607 inside the tissue, at the excitation frequencies T,
from the calculated displacements u(X,(t;,t,,, ). This can be
computationally challenging because the process in which an
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ultrasound image of the tissue is acquired by an ultrasound
machine is not an instantaneous process. Due to the limited
propagation speed of sound in tissue (around 1540 m/s), the
process of acquiring a single image could take from hundreds
of microseconds to hundreds of milliseconds, depending on
the depth of imaging, field of view, resolution, pulse sequence
scheme, etc. Therefore an ultrasound image is not a true
snapshot of tissue motion at a single instant in time. This
means the sampling times for the motion of different points
are not the same, but are spread throughout the time axis. A
blind estimation of the phasors which does not take into
account the inter-relationship of the times of sampling and the
frequencies of excitation results in “out-of-sync” phasors.
Out-of-sync phasors must be brought in-sync before they are
used to estimate tissue elasticity.

[0066] As will be discussed below, the inter-relation
between the times t, at which the displacements are sampled
and the frequencies of excitation f; are used to calculate the
phase-synchronized phasors for different spatial points in the
tissue.

Calculating the Phasors

[0067] As shown in FIG. 12, the excitation has a single
frequency f. In this embodiment, the measured displacement
701 of the point X 607 is close to a sinusoid at frequency f.
Motion of the patient and physician’s hand holding the probe,
and the measurement noise, can also contribute to the mea-
sured displacement 701 of the point X 607. By estimating the
phasors at the frequency of excitation f, the effect of these
extraneous components are filtered. Assume that by the ultra-
sound acquisition process, the point 607 is imaged attimes t,,
ty, . . . , t-as shown in FIG. 12.

[0068] Inone embodiment of the elastography method, the
ultrasound machine records the time-stamp of the acquisition
for each RF-line it acquires. The times at which the point X
was scanned, 1.e. t; to t,, are found from the time-stamps of
the RF-lines which contain the point x by adding a fixed delay
determined by the depth of X to account for the time it takes
for the ultrasound pulse emitted by the ultrasound to reach the
point X, sample it, and then return back to the ultrasound
probe.

[0069] Theamplitude and phase of the displacement can be
found by a least squares error fitting of a model to the esti-
mated displacement data. For example, in the case of absolute
displacement, the model is:

WX, (1, 1)) = u(X, 1) - u(X, 1y) ®
=asin2xf(r—1)+ @) +c¢
=asin2r f(t —1)) + Peos@rft-1)) + ¢

where a=V o>+f>, ¢=tan™" (B/cx), and the constant c is needed
to account for the fact that the displacements are all relative to
the displacement of point X at time t,:

c=-u(x,1y) ©)
[0070] The amplitude and phase are found by solving the

following system of equations by using a least-squares tech-
nique as is known in the art:
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WX, (t1, 11)) (10)

w(x, (11, 12))

1 sin@afo —n) cos(2nf(n —1)
1 sin@afls—n) cos(xf(n—m) || ©

L sin(2xf(tx — 1)) cos(2nfltx —11)) u(x, (11, 1x))

[0071] Note that the phase is estimated relative to t,, mean-
ing that it is assumed that the phase is zero at t,.

[0072] Inanother embodiment ofthe elastography method,
the excitation contains multiple frequencies and the ampli-
tudes and phases for each of the phasors at different frequen-
cies can be found by:

WE () =k ) asinef(r- 1) + ;) (1D

=c+ Z asin(2nf(t— 1)) + Bicos(2nflt—1))

[0073] Writing this equation for different times obtains:

1 sin@rfi(ty —n)) cos@rfiln —1)) ...
1 sin@Qrfi(a—1)) cosQrfi(ir —11)) ...

L osin(nfi(tx —11)) cos(2afiix —11)) ...

aim, o =tan” (B /03)

[0074] Again the phases are all relative to t;.
[0075] FIG. 13 shows another embodiment in which the
time pointst,, .. ., tp at which the point X is scanned can be

equally spaced in time:

b=ty =ts=ty= . .. =tg—tg =T (13)
[0076] Many ultrasound machines scan the tissue line by
1ine 901,902,903, 904 in this manner until the entire sector to
be imaged is acquired 905, and repeat the same sequence 906
from the first line. In this case it is not necessary for the
ultrasound machine to record the time-stamps for all the
acquired RF-lines. It is sufficient to know the time interval T.
The time interval T is determined by N, the number of lines in
the sector, and the time for scanning each line T:

T=Nt 14)

[0077] The time for scanning each line T should be enough
for the ultrasound pulse to reach the deepest point 908 to be
imaged, at depth d and return to the probe:

2d (15
T —
1540 m/s
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[0078] Insummary, the phasors can be determined from the
matrix equations (10) or (12) by the knowledge of T.

[0079] Inanother embodiment ofthe elastography method,
a Fourier-based method is used to compute the phasors, and
either the time interval T between successive scans or the
frequencies of excitation f; are adjusted such that:

[0080] 1) The frequencies of excitation share a common
period f~! (note that only in this case the steady-state excita-
tion becomes periodic with period £~'):

Sk ke{1,23,...} (16)

[0081] 2) The time interval T is a rational fraction of the
common period of excitation f~:

T=2 o ne(l, 23,4, ...} un
n

sinQmfy(n — 1)) cos(2xfy(t — 1)) (12)
sin2xfiy(z —n)) cos(2xfy(ta—11))

sin(2n fiy (ix —11)) cos(2rfyltx — 1))

@1 u(x, (11, 1))
Bi| | ulx @, n)
ay u(®, (11, 1)
Bu
[0082] In other words, from m periods of the excitation, n

samples are taken.

[0083] For this purpose, either the excitation frequencies f,
should be adjusted or the time interval should be adjusted
using one or a combination of the following techniques:

[0084] changing the number of lines in the sector N;

[0085] changing the depth of imaging d. or point 908;
[0086] adding a wait time in the acquisition sequence;
[0087] synchronizing the acquisition of lines with an

external pulse source with adjustable period. This pulse
source can be the same source which generates the exci-
tation.

[0088] As mentioned above, such a relationship between T
and f; makes it possible to use Fourier-based methods for
computing the phasors. FIG. 14 shows an example 702 where
T is one fifth of the excitation period. In this case, the phasors
can also be computed by taking the discrete Fourier transform
of the displacements. Another mathematically equivalent
method to derive the phasors in this case is to multiply by
exp(j2xft) and sum over time:
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13 (18)
Uy = 3 ) explidnf - iTux. (. )
i=1

[0089] FIG. 14 also shows an example 703 where T is six
fifths of the excitation period. In this case, the motion is
sampled atthe exact samerelative phase as the case in 702 but
over different periods of the motion. However, the same tech-
niques (discrete Fourier transform, and multiplication by exp
(j2xft)) can be used to compute the phasor in this case as well.
The fact that the phasors can be computed, even when the
sampling rate is lower than the excitation frequency 703, is a
consequence of the narrow bandwidth of the excitation in the
frequency domain. This technique is known in the art as
“bandpass sampling” and is explained by R Sinkus, J Loren-
zen, D Schrader, M Lorenzen, M Dargatz, and D Holz in
“High-resolution tensor MR elastography for breast tumour
Detection” (Phys. Med. Biol. 45, 2000, pp. 1649-1664).

Phase Synchronizing the Phasors

[0090] Since the displacements for each point X 607 are
derived relative to the displacements at time t, 901 of the point
(as exemplarily shown in FIG. 13), the computed phase of the
phasorsisrelative tot,. The reference time is generally not the
same for two different points X and X"

u(x,(1,1:) —=Ufx)=a exp(j¢) relative to
U@, (1, 1)~ U/x)=a'exp(j@y) relative to ';; 19)

[0091] Therefore the phase difference ¢—¢' does not repre-
sent the actual phase difference in the motion of the said two
points. It also includes the phase difference caused by the
difference in reference times t,—t';. The phasors can be
brought in-sync (phase synchronized) by compensating for
this extraneous phase difference:

@, (1,00) = Upi phase(® ) =a'explj@Yexp(j2nfit,~2',))
relative to #; (20)

[0092] In the embodiments of the elastography method
where a time-stamp is recorded for each RF-line acquired by
the ultrasound machine, the time-stamps are used to calculate
the differences in reference times and bring the phasors in-
sync using the above equation.

[0093] In the embodiments of the elastography method
where the image is acquired line by line 901, 902, 903 and the
delay between the acquisition of one line and the next is
constant T, as shown in FIGS. 13 and 15, it is not necessary to
know the absolute time-stamps of the RF-lines to perform the
phase compensation.

[0094] As shown in FIG. 15, a time-line graph of acquisi-
tion can be plotted from which the delay between the acqui-
sitions of any two points can be calculated. For the purpose of
explanation, nine points have been marked 1005 to 1013 both
on the scan-line sequence and time-line graph. For instance
for two points X 1005 and x' 1008 which are at the same depth
on two consecutive lines, the time delay is equal to T and the
corresponding phasors for these two said points can be
brought in-sync by:

U (D) Upin pase(8)=a'exp (i )exp(721f5) @
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[0095] Under some special circumstances, it is possible
that the phase difference between two points becomes zero, in
other words, the points are already in-sync and there is no
need for phase compensation between them. For this to hap-
pen, we have:

exp(i2mflt,—1'y))=1
fay-t')=m me{0,1,2,3,... }

t=t=mf 1 mef0,1,2,3,... } (22)

[0096] To utilize this property, the time interval between
scanning of consecutive lines 7 and the frequencies of exci-
tation f, are adjusted such that:

[0097] 1) the frequencies of excitation share a common
period f*;
[0098] 2) the time interval T is an integer multiple of the

common period of excitation ™.

Estimating Two Components of the Displacement

[0099] Methods of acquiring RF-lines at different angles
using conventional beam-steering in order to compute two
components of the displacement (axial and lateral) are known
in the art, and for example are discussed by R Zahiri-Azar, A
Baghani, S E Salcudean, and R Rohling in “2D High Frame
Rate Dynamic Elastography Using Delay Compensated and
Angularly Compounded Motion Vectors: Preliminary
Results” (IEEE trans. Ultrason., Ferroelect., Freq. contr, Vol
57, No 11, November 2010, pp. 2421-2436).

[0100] Insome embodiments of the elastography method,
RF-lines are acquired at least at two different angles and the
calculated phasors of displacements along the two or more
directions are combined to calculate the axial and lateral
displacements.

Calculating Absolute Elasticity and Viscosity from Phasor
Displacements

[0101] Mechanical vibrations in the range of 2 Hz to 1000
Hz generated and transferred to the tissue by the excitation
sources propagate through the tissue as shear waves. The
governing equation for the propagation of these waves assum-
ing a purely elastic model is:

* [ * P

pwu(x, V.2, D=y 3z + B_yz + a—zz]u(x, Y, %, 1)

where p is the density and p is the shear modulus and the
coordinates of the point X are denoted by (x, y, z). Since
biological tissue is nearly incompressible, its elastic modulus
E is equal to 3 and therefore measurements of elasticity and
shear modulus are equivalent. For a steady-state excitation at
a frequency f, the equation governing the phasor of the dis-
placement at the frequency f becomes,

¥ P P

E
—pQmf)PUs(x, y.2) = §(W taat a—zz]Uf(x, ¥.2)

24

[0102] Biological tissue is not purely elastic in nature. One
way to model visco-elastic nature of tissue is to consider p to
be a complex number, which is a function of frequency,

PR =Dt (25)
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where 1, . is associated with shear elasticity and i, . is related
to shear viscosity.

[0103] Methods for calculating absolute values of elasticity
and viscosity from the phasors are known in the art and can be
implemented in the elastography method of the present
embodiments to compute any of, but not limited, to: elasticity,
shear modulus, shear wave speed and viscosity.

[0104] For example, direct inversion of the wave equation
method, as described by R Sinkus, ] Lorenzen, D Schrader, M
Lorenzen, M Dargatz, and D Holz in “High-resolution tensor
MR elastography for breast tumour detection” (Phys. Med.
Biol. 45, 2000, pp. 1649-1664), can be used to find the elas-
ticity by inverting the wave equation (24),

Uy (26)
(62 . 92 . 9? ]U
dx2 Ayt 0 4

[0105] U,can be filtered, and for instance can be low pass
filtered to remove noise or high pass filtered to remove the
zero-frequency component or both before being used in equa-
tion (26).

[0106] Inlocal frequency estimation (LFE) the phasors are
directionally filtered and passed through a set of filter banks,
in a manner known in the art such as that described by A
Manduca, R Muthupillai, P J Rossman, J F Greenleaf, and R
L Ehman in “Local wavelength estimation for magnetic reso-
nance elastography” (Proceedings International Conference
on Image Processing, 1996, Vol. 3, pp. 527-530). The ratio of
the outputs of each pair of the filters gives an estimate for the
local frequency of the signal, provided that the local fre-
quency is within the bandwidth of the filter pairs used. A
weighted sum of the estimates is used as the measure of the
local frequency. The local (spatial angular) frequency, k, is
related to elasticity by,

E=-3p2nf) =

., 1 27
E=-3p0nf) T

[0107] Again appropriate filtering might be applied to U,
before being used in the filter banks, as part of the algorithm.
[0108] In travelling wave expansion (TWE) a sum of trav-
elling waves in different directions with different amplitudes
and phases is used as a model with the local (spatial angular)
frequency as the model parameter. The model is then fitted
locally to the phasor by finding the best local frequency. The
elasticity can be computed from the estimated local (spatial
angular) frequency as in (27) in a manner known in the art.
[0109] In finite element method (FEM) a forward model is
fitted iteratively to the phasors, each time adjusting the pre-
sumed distribution of the mechanical properties until the
actual absolute values of the mechanical properties are found,
an exenplary approach is described by H Eskandari, SE
Salcudean, R Rohling and J Ohayon in “Viscoelastic Char-
acterization of Soft Tissue from Dynamic Finite Element
Models” (Physics in Medicine and Biology, Vol. 53, No. 22,
pp- 6569-6590, November 2008).

Volumetric Imaging for Absolute Elastography

[0110] As described by equation (24), an accurate estimate
of elasticity E requires the measurement of the displacement
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phasor over a 3D volume. In other words, the vibrations in
reality propagate in the 3D volume of the biological tissue. To
measure the spatial frequency of such vibrations, it is neces-
sary to measure them over a 3D volume. Therefore, in the
present embodiments of the elastography method, ultrasound
data are collected from a 3D volume of the tissue (volumetric
imaging) using a single 3D ultrasound probe.

[0111] Generally speaking, a suitable 3D ultrasound probe
emits sound waves into a 3D volume defining the tissue to be
imaged. The received data from the reflected sound waves
create a volumetric dataset (often abbreviated as “volume™)
of the anatomy, unlike a 2D ultrasound probe which creates
images of a cross-sectional plane. Real-time 3D ultrasound
imaging can be implemented by at least the following two
known methods:

[0112] 1) mechanical sweeping: A specialized 3D probe is
constructed by combining a 2D probe with a motorized
mechanism for rapidly moving the 2D probe so that the 2D
image sweeps repeatedly through a volume of interest.
Repeated sweeping is usually implemented in an oscillating
manner where each oscillation produces a 3D volume. The
spatial relationship between the set of 2D images from each
oscillation is known because the probe motion is controlled
and the images are reconstructed into a 3D Cartesian volume.
This device is referred to hereafter as a mechanical 3D probe;
[0113] 2) multidimensional arrays: A specialized probe is
created without a motorized mechanism, but instead uses a
two dimensional array of transducers to scan over a 3D vol-
ume of interest. The speed of volume acquisition is typically
higher than mechanical probes but the complexity of the
probe increases and image quality can be inferior. This probe
is known as a multidimensional probe.

[0114] The 3D ultrasound probe used in the present
embodiments of the elastography method can be a mechani-
cal 3D probe or amulti-dimensional 3D probe as known in the
art, or as described below.

[0115] An example of a suitable known mechanical 3D
probe is the RAB2-5 H46701M for the Voluson 730 ultra-
sound machine by General Electric Corporation (GE Health-
care, Chalfont St. Giles, United Kingdom). An example of a
suitable known multidimensional probe is the X7-2 for the
Philips iU22 ultrasound machine (Philips Healthcare,
Andover, Mass., USA).

[0116] Mechanical and multi-dimensional 3D probes
according to different embodiments are shown in FIGS. 16 to
22. Anexternal 3D motorized linear array ultrasound probe as
shown in FIG. 16. An endo-cavity 3D motorized ultrasound
probe is shown schematically in FIG. 17 and can acquire 3D
volume images from the imaging of multiple planes. A matrix
array 3D ultrasound probe is shown in FIG. 18 having the
vibration source integrated into the probe. A motorized 3D
ultrasound probe is shown in FIG. 19 also with the vibration
source integrated according to an embodiment of the inven-
tion. A pair of mechanical 3D ultrasound probes using a 2D
probe with an external motion stage are shown in FIGS. 21
and 22. Regardless of which 3D ultrasound probe is used in
the present embodiments of the elastography method, the
volumetric data is acquired as follows:

[0117] () a volume of the tissue is divided into multiple
planes.

[0118] (b)each plane is imaged over a time interval such
that each point in the plane is scanned multiple times;
and

[0119] (c) the process is repeated for all the planes.
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[0120] As noted above, the 3D ultrasound probe takes
obtains a thin volume of the tissue which comprises a desired
cross-sectional plane and at least two adjacent planes. For
example, in FIGS. 16, 17 and 18, the thin volume being
imaged is the convex hull of all planes, the desired cross-
sectional plane is shown as 1204, and adjacent planes are
shown as 1203, 1202 and 1205, 1206, which are all adjacent
to the cross-sectional plane 1204 with planes 1203 and 1205
being immediately adjacent to the cross-sectional plane 1204.
In some situations, it is desirable to adjust the spacing
between adjacent planes to more accurately capture the
change in phasors in the elevational direction.

[0121] The 3D ultrasound probe as shown in FIG. 18 com-
prises a matrix array 1201 of transducers which is used to
steer the ultrasound imaging plane and acquire multiple
planes 1202, 1203, 1204, 1205, 1206 to form a volume. In this
probe, the imaging plane is switched electronically, and
therefore the acquisition can be performed faster, and higher
overall frame rates can be achieved, compared to other types
of probes. The vibration mechanism used in the embodiment
of FIG. 18 is a mass 503 which is substantially the same as
that shown in FIG. 10. This ultrasound probe with a matrix
array of transducers can use synthetic aperture beam forming
to reconstruct the RF-lines covering the 3D volume. An
example of such a probe is described by Jergen Arendt
Jensen, Svetoslav Ivanov Nikolov, Kim Lekke Gammelmark,
and Morten Heogholm Pedersen in “Synthetic aperture ultra-
sound imaging” (Ultrasonics 44, 2006, pp. e5-el5). Alterna-
tively, this ultrasound probe with a matrix array of transducers
can use micro-beam forming to reconstruct the RF lines cov-
ering the 3D volume. An example of such a probe is described
by Christopher Hall in “4-Dimensional Ultrasonic Imaging”
(Advances in Health care Technology Care Shaping the
Future of Medical, Philips Research Book Series, 2006, Vol-
ume 6, No. 2, pp. 99-116).

[0122] The ultrasound probe shown in FIG. 19 includes a
linear transducer array 1401 and a motor 1402 for sweeping
the array over a sector of angles. In this probe, the motion of
the probe from one plane to the next creates a new time-delay
in the acquisition process of the ultrasound RF-lines. This is
the time required by the mechanical motion inside the probe
to settle. If the time-stamps for the acquired RF-lines on
different planes are available, this information can be used as
in equation (20) to bring the phasors in-sync. The vibration
mechanism is a mass 503, which is substantially the same as
that shownin FIG. 10. FIG. 20 shows the correlation between
the excitation and sync signals, the image acquisition and
plane switch signals according to an embodiment of the
invention. As shown in FIG. 20, the frequencies of excitation
(V) share a common period !, and a sync signal (S) is
generated with the same period f-!. The sync signal S is used
to synchronize the start 1504 of the acquisition on each imag-
ing plane with the vibration source. FIG. 20 shows one
example timing diagram used for this purpose. In this dia-
gram the sync signal S is synchronous with the vibration
signal V. The acquisition of RF-lines is controlled by the
acquisition signal A, and P is the plane switch signal, for
instance going to the controller of the motor 1402. After the
data has been acquired for one plane 1501, the motor is
ordered to move to a new plane 1502. After the motor has
settled in the new position 1503 the system listens for the next
rising edge on the sync signal S to start the acquisition of the
next plane 1504.
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[0123] Alternatively, a mechanical 3D probe comprising a
2D probe with an external motion stage can be used to image
a 3D volume, For example, an external motion stage 1601
used with an external 2D probe is shown in FIG. 21 to gen-
erate 3D data according to one alternative embodiment, while
FIG. 22 shows a mechanical 3D probe comprising a an extet-
nal motion stage 1603 used with an endo-cavity 2D probe to
generate 3D data according to another embodiment. The
external motion stages 1601, 1603 movea 2D probe 403 fixed
to the said motion stage, to acquire multiple planes, labeled as
1602 in FIGS. 21 and 1604 in FIG. 22. In these embodiments,
the timing of the acquisition for the different planes can either
be recorded by time-stamps or be synchronized with the
excitation, in order to bring the displacements phasors of
different planes in-sync.

[0124] Unlike the regular spacing of the displacement mea-
surements in MRE that fall along equally-spaced Cartesian
locations within planes that are parallel, displacement mea-
surements with ultrasound are not typically at equally-spaced
Cartesian locations. This can be seen by the non-parallel
spacing of the planes in FIGS. 16 and 17. In the case of such
ultrasound data there is therefore a need to accommodate the
particular spacing of the measurements so that the calcula-
tions of the absolute elasticity and viscosity are performed in
Cartesian coordinates, as shown in equations (23), (24), (26),
and (27). Given that the phase-synchronization of the phasors
incorporates the positions of the measurements, then the
phase-synchronization steps should incorporate the actual
spatial locations of the ultrasound beams and planes.

Performing the Computations in Real-Time

[0125] Referring now to FIG. 23, an elastography system is
provided which performs the elastography method described
above. This system comprises an ultrasound machine 1702
coupled to the ultrasound probe 403, an excitation signal
generator 1704 (otherwise known as a waveform generator)
coupled to the vibration source 101, circuitry communicative
with the ultrasound machine and comprising a processing
unit (GPU) 1708 with a memory having programmed thereon
steps and instructions embodying the elastography method
that are executable by the GPU 1708, and a display 1713 for
displaying the imaged tissue and the mechanical properties of
the tissue as determined by the elastography method.

[0126] The GPU 1708 can have parallel processing capa-
bility, which can be utilized to reduce the computational time
for estimating the mechanical properties relative to the acqui-
sition time of the RF-data. The ultrasound machine 1702 can
acquire RF-data 1707 from the probe 403 and send the RF-
data 1707 to the GPU 1708. The GPU 1708 has a B-mode
generation software module 1709 that generates and sends a
B-mode image 1715 to the display 1713 in a manner that is
well known in the art. The GPU 1708 also has a displacement
estimation module 1710 that computes tissue displacements
in at least one axis, a phasor generation software module 1711
and a software module to compute the mechanical properties
of tissue 1712. In one implementation, the GPU 1708 sends
images of the mechanical properties to the display 1713,
which are overlaid on the B-mode images and shown to the
user. The waveform generator 1704 creates a signal 1705 for
the vibration source 101 and also a trigger signal 1706 for the
ultrasound machine 1702.

[0127] Parallel processing GPUs can incorporate hundreds
of processing units. Such GPUs are capable of executing
thousands of threads (sequential programs) simultaneously.
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The computations defined in the elastography method are
highly parallelizable and thus suitable for execution by a
parallel processing GPU. The CUDA™ library provided by
NVIDIA® can be used to compile the multithreaded pro-
grams for the GPU, following the approaches specified in
NVIDIA Corporation’s “NVIDIA CUDA C Programming
Guide” and “OpenCL Programming for the CUDA Architec-
ture”. A detailed example of how to use the CUDA™ library
for image filtering is provided by Victor Podlozhnyuk in
“Image convolution with cuda” (Technical report, NVIDIA
Corporation, 2007).

[0128] FIG. 24 is a block diagram showing another
embodiment of an elastography system performing the elas-
tography method, which executes a correlation based motion
estimation algorithm to perform the elastography method. In
this system, each step of computing the cross correlation for
the displacement estimation between each corresponding two
RF-lines 1803 and 1804 is carried out in a separate thread.
Two kernels 1805 and 1806 run on a host processor (CPU)
1700. The cross correlation kernel 1805 copies 1807 the
RF-lines 1803 and 1804 from the CPU memory 1802 to a
global memory 1809 of the GPU 1708. The data is split into
windows. The data needed for finding the displacements of a
number of adjacent windows, for instance four windows,
from the two RF-lines 1801 and 1808 are then copied 1810 to
a GPU block 1811 in the GPU 1708 and the same procedure
is repeated for other groups of four windows to other blocks
such that the task of finding cross correlation is distributed
between the blocks 1811 similarly 1820 of the GPU 1708. In
each block, 128 threads 1813, 1814, 1815 compute the cross
correlations for different amount of shifts for each window.
All the threads run in parallel and are synchronized at the
point when the cross correlations for all the blocks are com-
puted. The cross correlations are written to the global
memory 1809.

[0129] The second kernel 1806, otherwise known as the
peak search kernel, distributes the cross correlations between
the blocks and finds the peak of the cross-correlation for each
window, synchronizes at the end to ensure all the peaks have
been found, and writes back to the global memory 1809 on the
GPU 1708. The final displacements are then transferred back
to the CPU memory 1802.

[0130] Inanother embodiment, the CULA™ library is used
to perform fast multi-threaded matrix algebra. The CULA™
library is used to calculate the phasors from time displace-
ment by solving equation (12). The time displacements for
different points (right hand side of equation 12) are grouped
together in one matrix so that a single call to the CULA™
solver can provide the phasors for all the points at the same
time. Preferably, the phasors for different points are brought
in-sync by a kernel. The kernel executes the phase compen-
sation for each point in a separate thread.

[0131] Further, the CUFFT™ provided by NVIDIA® can
be used to perform the Fourier transform required for LFE
filtering. Alternatively, the CULA™ library can be used to
solve matrix equations of FEM.

[0132] Some of'the aforementioned computations can also
be performed on a field-programmable gate array (FPGA) in
an efficient way, or on a digital signal processor (DSP).

Acquisition of a Thin Volume in Real-Time

[0133] Itis ofinterest to acquire a 2D image that depicts the
mechanical properties of tissue, for instance elasticity, along
a cross-sectional plane of the tissue in a real-time or high
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frame-rate of at least one frame per five seconds and prefer-
ably closer to or at one frame per 307 of a second. Radiolo-
gists, ultrasound technicians, physicians, nurses and other
users of ultrasound machines often use real-time 2D imaging
for locating malignancies and for diagnosis. The present
embodiments enable real time computational processing of
the elastography method and thus makes it possible for users
to observe the changes in the displayed images as they slowly
move the probe.

[0134] 1In the described embodiments of the elastography
method, the data is acquired from a desired cross-sectional
plane of'the tissue and at least two other planes adjacent to the
desired plane. Such a volume of data is called a thin volume,
because the extents of the volume in the desired plane are
larger than the extent of the volume in the third (out-of-plane)
dimension by a factor of at least 3. Thin volumes can be
acquired in real-time more easily than larger volumes. The
data is then used to estimate mechanical properties such as
elasticity on said desired cross-sectional plane and the result
shown as a 2D image to the user.

[0135] The use of measurements of the displacement pha-
sors over a volume is beneficial because it allows the mea-
surement of the spatial wavelength to be performed in all
three spatial directions. The speed of the imaging process is
proportional to the size of the volume. A smaller volume is
beneficial because it achieves faster imaging rates. The mini-
mum number of data points in any of the spatial directions
required to calculate the spatial wavelength is three, as three
data points allow the second spatial derivative to be calcu-
lated, which can be used for measuring the spatial wave-
length. As a result, with thin volume and synchronized acqui-
sition, and efficient phase correction, embodiments of the
invention can realize real-time or high-frame-rate ultrasound
elastography.

[0136] FIG. 25 shows an example absolute elasticity image
collected by an embodiment of the elastography system. The
system was used to image a tissue phantom with the following
imaging parameters: the time for scanning each line, T, was
equal to 125 microseconds which enabled an imaging depth
of 80 mm. The number oflines in the sector N was equalto 32,
with a line spacing of 1.2 mm. The resulting sector width was
equal to 38.4 mm. Fach plane was scanned 30 times. The time
of acquisition for the plane was 30x32x125 pus=120 ms.
Seven planes were acquired with a spacing of 1.2 mm
between adjacent planes, which required 7x120 ms=0.84 sec-
onds. A motorized 3D probe was used (FIG. 19) which
required 20 ms for moving the crystals from one plane to the
next. The total acquisition time for each frame was therefore:
0.84 s+7x20 ms=0.98 second. The processing of the data did
not cause a significant overhead on the acquisition time (less
than 100 ms). The size of the thin volume in this example was
38.4 mm by 80 mm in the plane of interest, and 8.4 mm for the
third (out-of-plane) dimension. The displacement and pha-
sors were estimated as the data became available. The plane
of interest was the central plane and the elasticity in the
central plane of the acquired seven planes was estimated
using the LFE method and shown in real-time. The resulting
frame rate was one frame per second. FIG. 25 shows one
frame of the resulting elastogram overlaid on the B-mode
image and the B-mode image side-by-side. The imaging of
the absolute value of tissue elasticity in a commonly used,
reasonable region of interest of approximately 80 mm by 40
mm can thus be accomplished in less than one second. This
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means that the elastography system can display absolute elas-
ticity images at a refresh rate of more than 1 frame per second.
[0137] Other image sizes used in standard ultrasound
examinations involve depths up to 200 mm and line density of
64 lines per sector. Assuming seven planes of acquisition as
before the elasticity image refresh rate will be approximately
one new frame for every 5 seconds.

[0138] There will always be a tradeoff between the number
of planes used in the thin volume and the resulting imaging
frame rate. The accuracy of determining the change in pha-
sors in the elevational direction depends on the number of
points used. Three planes is the minimum and will produce
the highest elasticity imaging frame rate. More planes will
provide additional measured phasor locations and therefore
will increase the elasticity image accuracy. We have found
that with standard elasticity phantoms, seven planes provide a
good compromise between image accuracy and imaging
frame rate.

[0139] While specific embodiments have been described
and illustrated, such embodiments should be considered illus-
trative only and not as limiting the invention.

1. An elastography method for imaging at least one
mechanical property of a tissue in a desired cross-sectional
plane of said tissue, comprising:

applying a steady-state vibration to said tissue to generate

tissue displacements in said tissue;

ultrasound imaging a thin volume of said tissue over a time

period by acquiring a set of image data representing the
thin volume over said time period including said desired
cross-sectional plane and at least two planes adjacent to
said desired cross-sectional plane;

computationally estimating a plurality of phase-synchro-

nized displacements over the time period for a plurality
of spatial points in said thin volume wherein at least one
spatial point is located on each of the cross-sectional
plane and the adjacent planes; and

computationally determining said at least one mechanical

property of said tissue on said desired cross-sectional
plane by using said plurality of phase-synchronized dis-
placements;

wherein the number of adjacent planes is selected such that

said at least one mechanical property of said tissue can
be computationally determined within a real time
refresh rate.

2. A method as claimed in claim 1 wherein real time refresh
rate is at least one new frame per five seconds.

3. A method according to claim 1, wherein said thin volume
is imaged by a single three dimensional (3D) ultrasound
probe.

4. A method according to claim 1, wherein the estimated
displacement is in the direction of ultrasound propagation.

5. A method according to claim 1, wherein said at least one
mechanical property includes any one or more properties
selected from absolute elasticity, absolute shear modulus,
absolute shear wave speed, and absolute viscosity.

6. A method according to claim 4, wherein said at least one
mechanical property is calculated from said plurality of
phase-synchronized displacements by using any one or a
combination of finite element method, local frequency esti-
mators, travelling wave expansion and direct inversion.

7. A method according to claim 1, wherein the step of
estimating phase-synchronized displacements comprises:

estimating a measured displacement for each of said plu-

rality of spatial points;
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phase-shifting at least one of the plurality of measured
displacements to compensate for a delay with respect to
the period of vibration.
8. A method according to claim 1, wherein said image data
comprises a plurality of RF-lines, the time of acquisition for
each of the plurality of RF-lines is recorded, and the method
comprises:
computing the delay of each RF-line with respect to the
period of vibration based on the time of acquisition.
9. A method according to claim 1, wherein said image data
comprises a plurality of RF-lines which are acquired line-by-
line with equal time intervals, and the method comprises:
computing the delay of each RF-line with respect to the
period of vibration based on the time intervals.
10. A method according to claim 9, wherein the steady-
state vibration is synchronized with the acquisition of the
RF-lines, so that each RF-line is acquired at a constant delay
with respect to the period of vibration.
11. A method according to claim 1, wherein the acquisition
of image data of each of the planes in the thin volume is
synchronized with the period of the steady-state vibration.
12. A method according to claim 1, wherein the steady-
state vibration is a harmonic sinusoidal excitation.
13. A method according to claim 1, wherein the steady-
state vibration is a sum of multiple sinusoidal excitations with
different frequencies, and different amplitudes and phases.
14. A method according to claim 12, wherein the frequen-
cies of excitation share a common period and the acquisition
of each RF-line is synchronized with the common period, a
rational fraction or an integer multiple of the common period.
15. A method according to claim 1, wherein said thin
volume has extents of the volume in the desired plane that are
larger than the extent of the volume in the third dimension by
a factor at least 3.
16. An elastography system for imaging at least one
mechanical property of a tissue in a desired cross-sectional
plane of said tissue, comprising:
at least one vibration source configured to generate a
steady-state vibration;
a three dimensional (3D) ultrasound probe configured to
acquire a set of image data over a time period represent-
ing a thin volume of a tissue including a desired cross-
sectional plane and at least two adjacent planes adjacent
to said desired plane;
circuitry communicative with the ultrasound probe to
receive the image data therefrom and comprising a pro-
cessor with a memory having programmed thereon steps
and instructions for execution by the processor to:
computationally estimate a plurality of phase-synchro-
nized displacements for a plurality of spatial points in
said thin volume wherein at least one spatial point is
located on each of the cross-sectional plane and the
adjacent planes, and

computationally determine said at least one mechanical
property of the tissue on the desired cross-sectional
plane by using said plurality of phase-synchronized
displacements, wherein the number of adjacent
planes is selected such that said at least one mechani-
cal property of the tissue can be computationally
determined within a real time refresh rate; and

a display device communicative with the circuitry to
receive and display one or more images of the desired
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cross-sectional plane and said determined at least
mechanical property of the tissue within the real-time
refresh rate.

17. An elastography system according to claim 16, wherein
said image data comprises a plurality of RF-lines, and the
circuitry is configured to record the time of acquisition for
each of the plurality of RF-lines.

18. An elastography system according to claim 16, wherein
said image data comprises a plurality of RF-lines, and said
ultrasound probe is configured to acquire the RF-lines one-
by-one with equal time intervals.

19. An elastography system according to claim 16, wherein
said at least one vibration source and said ultrasound probe
are configured in a manner that the steady-state vibration is
synchronized with the acquisition of the RF-lines, so that
each RF-line is acquired at a constant delay with respect to the
period of vibration.

20. An elastography system according to claim 16, wherein
said at least one vibration source is configured to generate a
harmonic sinusoidal excitation.

21. An elastography system according to claim 16, wherein
said at least one vibration source is configured to generate a
steady-state vibration that is a sum of multiple sinusoidal
excitations with different frequencies, and different ampli-
tudes and phases.

22. An elastography system according to claim 21, wherein
said at least one vibration source is configured to generate a
steady-state vibration such that the frequencies of excitation
share a common period; and

said ultrasound probe is configured to acquire the RF-lines

in synchronization with the common period, a rational
fraction or an integer multiple of the common period.

23. An elastography system according to claim 16, wherein
the ultrasound probe comprises a transducer array and a
motor configured to drive said transducer array.

24. An elastography system according to claim 16, wherein
the ultrasound probe consists of a 2D matrix of transducers.

25. An elastography system according to claim 16, wherein
the vibration source is an electromagnetic voice coil.
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26. An elastography system according to claim 16, wherein
the vibration source is hand-held.

27. An elastography system according to claim 16, wherein
the vibration source is mounted on an adjustable arm.

28. An elastography system according to claim 27, wherein
the arm is mounted on an ultrasound machine, a patient bed,
or a portable pole.

29. An elastography system according to claim 16, wherein
the vibration source and the ultrasound probe are integrated
together.

30. An elastography system according to claim 16, wherein
said at least vibration source is configured in a manner that the
location, direction and number of the vibration sources in
contact with the tissue can be changed, keeping at least one
vibration source in contact with tissue.

31. An elastography system according to claim 16, wherein
the processor comprises at least one graphics processing unit
and memory.

32. An elastography system according to claim 16, wherein
the processor comprises at least one digital signal processor
and memory.

33. An elastography system according to claim 16, wherein
said at least one mechanical property includes any one or
more propetrties selected from absolute elasticity, absolute
shear modulus, absolute shear wave speed, and absolute vis-
cosity.

34. An elastography system according to claim 16, wherein
said at least one mechanical property is calculated from said
plurality of phase-synchronized displacements by using any
one or a combination of finite element method, local fre-
quency estimators, travelling wave expansion and direct
inversion.

35. An elastography system according to claim 16, wherein
said ultrasound probe is configured to acquire said thin vol-
ume in a manner that the thin volume has extents of the
volume in the desired plane larger than the extent of the
volume in the third dimension by a factor at least 3.
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