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7) ABSTRACT

New methods of ultrasound imaging are presented that
provide images with reduced reverberation noise and images
of nonlinear scattering and propagation parameters of the
object, and estimation of corrections for wave front aberra-
tions produced by spatial variations in the ultrasound propa-
gation velocity. The methods are based on processing of the
received signal from transmitted dual frequency band ultra-
sound pulse complexes with overlapping high and low
frequency pulses. The high frequency pulse is used for the
image reconstruction and the low frequency pulse is used to
manipulate the nonlinear scattering and/or propagation
properties of the high frequency pulse. A 17 method uses the
scattered signal from a single dual band pulse complex for
filtering in the fast time (depth time) to provide a signal with
suppression of reverberation noise and with 1% harmonic
sensitivity and increased spatial resolution. In other methods
two or more dual band pulse complexes are transmitted
where the frequency and/or the phase and/or the amplitude
of the low frequency pulse vary for each transmitted pulse
complex. Through filtering in the pulse number coordinate
and corrections of nonlinear propagation delays and option-
ally also amplitudes, a linear back scattering signal with
suppressed pulse reverberation noise, a nonlinear back scat-
tering signal, and quantitative nonlinear scattering and for-
ward propagation parameters are extracted. The reverbera-
tion suppressed signals are further useful for estimation of
corrections of wave front aberrations, and especially useful
with broad transmit beams for multiple parallel receive
beams. Approximate estimates of aberration corrections are
given. The nonlinear signal is useful for imaging of differ-
ences in tissue properties, such as micro-calcifications, in-
growth of fibrous tissue or foam cells, or micro gas bubbles
as found with decompression or injected as ultrasound
contrast agent. The methods are also useful with transmis-
sion imaging for generating the measured data for tomog-
raphy and diffraction tomography image reconstructions.
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ULTRASOUND IMAGING BY NONLINEAR LOW
FREQUENCY MANIPULATION OF HIGH
FREQUENCY SCATTERING AND PROPAGATION
PROPERTIES

1. FIELD OF THE INVENTION

[0001] This invention relates to methods and systems for
imaging of spatial variation of ultrasound parameters of an
object and particularly micro gas bubbles in the object,
where special emphasis is made on objects that are biologi-
cal tissues and fluids.

2. BACKGROUND

[0002] The image quality with current methods of ultra-
sound imaging, are in many patients limited by pulse rever-
beration noise (multiple scattering) and wave-front aberra-
tions. In addition, many types of tissue diseases like tumors
and atherosclerosis of an arterial wall, show too little dif-
ferentiation in the image contrast for adequate diagnosis and
differentiation of the diseased tissue. A reason for these
problems is that the image construction method itself does
not take fully into account the physical properties of soft
tissue.

[0003] Spatial variations in the linear acoustic properties
of tissues (mass density and compressibility) are the basis
for ultrasound imaging of soft tissues. However, with large
variations of the acoustic properties in complex structures of
tissue, the following effects will degrade the images:

[0004] 1) Interfaces between materials with large differ-
ences in acoustic properties can give so strong reflec-
tions of the ultrasound pulse that multiple reflections
get large amplitudes. Such multiple reflections are
termed pulse reverberations, and add a tail to the
propagating ultrasound pulse, which shows as noise in
the ultrasound image.

[0005] ii) Variations of the acoustic velocity within the
complex tissue structures produce forward propagation
aberrations of the acoustic wave-front, destroying the
focusing of the beam mainlobe and increasing the beam
sidelobes.

[0006] The reduced focusing of the beam main lobe by the
wave-front aberrations reduces the spatial resolution in the
ultrasound imaging system. The pulse reverberations and the
increase in beam side lobes by the wave-front aberrations,
introduce additive noise in the image, which reduces the
ratio of the strongest to the weakest scatterer that can be
detected in the neighborhood of each other, defined as the
contrast resolution in the image. This noise is termed acous-
tic noise as it is produced by the transmitted ultrasound pulse
itself. Increasing the transmitted pulse power will hence not
improve the power ratio of the signal to the noise of this
type, contrary to what is found with electronic receiver
noise.

[0007] Inechocardiography for example, pulse reverbera-
tion noise can obscure images of the apical region of the
heart, making it difficult to detect apical thrombi, and
reduced contraction of the apical myocardium. Similarly, in
carotid imaging reverberation noise can obscure detection
and delineation of a carotid plaque. Similar to these
examples, the pulse reverberation noise limits the detection
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of weak targets and differentiation of small differences in
image contrast in all aspects of ultrasound imaging.

[0008] 2" harmonic imaging is a method to reduce the
image degrading effect of the pulse reverberations in the
body wall, because the 2™ harmonic content in the pulse
accumulates as a function of depth and is hence very low as
the pulse passes the body wall. However, the sensitivity with
2"¢ harmonic imaging is less (~-20 dB) than with 1°*
harmonic imaging, which limits maximal image depth,
particularly in dense objects like the liver, kidneys, breast,
etc, and for blood velocity imaging. For real time 3 D
imaging one wants a broad transmit beam that is covered
with many parallel receive beams to increase volume image
rate. Such broad 2° harmonic transmit beams are difficult to
obtain due to reduced 1°* harmonic amplitude in broad
beams, which produces problems for 2°¢ harmonic imaging
with multiple parallel receive beams used in real time 3 D
imaging. This is especially true for sparse arrays where the
number of elements that generates the transmit beam are
limited.

[0009] Tissue diseases, like tumors and atherosclerosis of
an artery wall, affect the ultrasound acoustic parameters of
the tissue, such as the shear modulus, the bulk compress-
ibility, and the ultrasound absorption. The variations of these
properties are mainly produced by in-growth of foam cells,
fat, or connective tissue fiber molecules, but also through
segregation of calcium in the tissue. The in-growth of
connective tissue increases the ultrasound absorption and the
shear modulus, the latter producing an increased stiffness to
palpation that can be observed by touching the tissue. Much
work has been done on estimation of the shear modulus by
using ultrasound bulk waves to register the displacement of
shear waves in the tissue in methods often referred to as
elastography, also referred to as remote ultrasound palpa-
tion. However, to date these methods have found limited
clinical application, and there is still a great need for
improved differentiation of such tissue changes with ultra-
sound.

[0010] In breast tumors, segregated micro-calcifications
are today detected with X-Ray mammography, as an indi-
cation of a malignant tumor. These micro-calcifications are
so small that the scattered ultrasound signal from them is
buried in the signal from surrounding tissue, and they are not
detected with current ultrasound imaging. Hence, it is a need
to improve ultrasound imaging to also detect such micro-
calcifications. Micro-calcifications in atherosclerotic plaque
also give information about the stability of the plaque and
improved imaging of these micro-calcifications are needed.

[0011] Several diseases also affect the blood perfusion
through the tissue, for example through angiogeniesis or
necrosis of the micro-vasculature in malignant tumors, or
reduced blood flow due to vascular stenosis or thrombosis
both in the coronary arteries of the heart and in peripheral
vessels. The blood velocities in the micro-vasculature and
small vessels are so small that they cannot be detected with
ordinary, non-invasive ultrasound Doppler techniques.
Ultrasound contrast agents in the form of solutions of small
micro-bubbles (diam ~3 gm) have therefore been developed
to improve ultrasound imaging of the micro-vasculature and
also to estimate the blood perfusion through the tissue. The
micro-bubbles are injected into the blood stream and provide
highly increased and nonlinear scattering of the ultrasound
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from the blood. They hence highly increase the nonlinear
scattering from the tissue that contains such micro-bubbles,
where in special cases single micro-bubbles can be visual-
ized in dense tissues and provides a potential for molecular
ultrasound imaging with tissue specific targeted contrast
bubbles. Such micro-bubbles can also provide useful image
enhancement when injected into other body fluids, for
example the insterstitial fluid to trace lymphatic drainage to
sentinel lymph nodes, or in the urinary system for targeted
attachment of bubbles to tumor tissue, or other. During
decompression in diving and space activities, micro gas
bubbles often form spontaneously in the tissue causing
bends, and it is a need for early detection of such gas bubbles
to improve decompression profiles and avoid bends in
personnel under such operations, and even to monitor for-
mation of such bubbles as an early warning during activity.

[0012] There is hence a great need for improved ultra-
sound imaging that reduces the image noise, and enhances
the image contrast for variations in tissue properties and
micro gas bubbles, and the current invention addresses these
needs by using dual frequency band ultrasound pulse com-
plexes composed of overlapping high and low frequency
pulses that are transmitted into the tissue.

[0013] Dual frequency band ultrasound pulses have pre-
viously been used in ultrasound imaging for various pur-
poses, where in M-mode and Doppler [Br Heart J. 1984
January; 51(1):61-9] simultaneous transmission was used of
a3 MHz pulse and a 1.5 MHz pulse with fixed phase relation
between the pulses, for optimal M-mode imaging of the
heart (3 MHz pulse) and Doppler blood velocity measure-
ments (1.5 MHz pulse) to interrogate cardiac defects. A
concentric annular transducer arrangement was used, where
the 3 MHz M-mode ultrasound pulse was transmitted and
received by the central transducer disc, while the 1.5 MHz
Doppler ultrasound pulse was transmitted and received by a
surrounding annular element.

[0014] The use of dual band transmitted pulses is also
described in U.S. Pat. No. 5,410,516, for improved detection
of ultrasound contrast agent micro-bubbles. In this patent,
simultaneous transmission of two ultrasound pulses with
different center frequencies is described, where the scattered
pulses from the micro-bubbles contain sums and differences
of the transmitted frequencies produced by the nonlinear
scattering from the micro-bubbles, and these sum and dif-
ference frequencies are used for the detection of the micro
bubbles.

[0015] A similar use of dual band pulses is described in
U.S. Pat. No. 6,312,383 for detection of ultrasound contrast
agent, where the phase between the two bands is changed
between transmissions. This can be viewed as a special case
of U.S. Pat. No. 5,410,516, where the change in phase of the
low frequency pulse can be viewed as a beat between the
low frequency and the pulse repetition frequency.

[0016] However, although both the last two patents use
nonlinear scattering with dual band pulses for detection of
contrast agent in tissue, the presented methods have limited
scope and they both fail to recognize the nonlinear effect of
the low band pulse on the forward propagation velocity of
the high band pulse, which in the practical situation will
limit the suppression of the tissue signal in relation to the
contrast agent signal. Accumulative nonlinear forward
propagation effects will produce similar signal characteris-
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tics for the strong, linear scattering from the tissue, as for the
local, nonlinear scattering from micro-bubbles and tissues.
This effect will mask the local, nonlinear scattering from
micro-bubbles and tissues and limit the contrast to tissue
signal power ratio (CTR). Presence of micro-bubbles in a
region also heavily increases the forward, accumulative,
nonlinear propagation effect and makes the linear scattering
from tissue beyond Such a region highly mask the scattering
from micro-bubbles in this tissue. This phenomenon for
example highly affects imaging of contrast agent in myo-
cardium with pulses that passes the ventricle with contrast
agent before entering the myocardium, and can for example
falsely indicate perfusion in an ischemic myocardium.

[0017] The current invention differs from the prior art in
that it utilizes the nonlinear effect on the propagation veloc-
ity for the high frequency pulse by the low frequency pulse
in the formation of image signals based on the high fre-
quency propagated and scattered signals.

3. SUMMARY OF THE INVENTION

[0018] The methods have applications to ultrasound imag-
ing both with back-scatter signals, and computerized recon-
struction imaging based on angular scattering and/or for-
ward transmission measurements.

[0019] Dual band ultrasound pulse complexes with pulse
components both in a low and a high frequency band that
overlaps in the time domain, are transmitted towards the
region of tissue to be imaged. The nonlinear manipulation of
the tissue scattering and propagation properties for the high
frequency pulse by the low frequency pulse is utilized in the
process of forming image signals. The high frequency
components are processed to give the image parameters/
signals, and the low frequency components in the received
signals can for example be removed through filtering, for
example directly in the receive transducer array.

[0020] The processing according to the invention is part of
the complete processing necessary to form images, where
necessary processing that is not disclosed in this invention is
part of the open knowledge. For backscatter imaging, the
methods are used to form radial image lines where 2 D and
3 D images are obtained by lateral beam scanning according
to known methods. Parallel transmit and/or receive beams
can be used to obtain multiple radial image lines in parallel
to speed up the frame rate. The radial image lines can be the
signal envelope for structural images, Doppler measure-
ments of radial scatterer velocities, radial strain or strain
rates of relative scatterer movements, or fast time (depth
time) spectral parameters for tissue characterization. With
computer tomographic (CT) image reconstruction the meth-
ods provide improved measurements for the reconstruction,
with reduced pulse reverberation noise and nonlinear image
parameters that provide complementary information.

[0021] The invention devices several methods for
improved imaging with increasing number of pulses
required to formi an image, with a complementary reduction
in image frame rate, but with increasing image quality. The
invention therefore further devices an instrument for opera-
tion of more than two of the methods and procedures for
optimal selection of the methods for best performance of the
instrument under given constraints, Such as frame rate,
image quality, a combination of frame rate and image
quality, etc.
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[0022] Ina1* method according to the invention, the high
frequency pulse propagates on a negative spatial gradient of
the low frequency pulse oscillation, so that the back of the
high frequency pulse gets a higher propagation velocity than
the front of the pulse, due to the nonlinear effect on the
propagation velocity by the low frequency pulse. This
produces a cumulative spatial compression of the high
frequency pulse as it propagates into the tissue, increasing
the frequency and the bandwidth (i.e. shortens the length) of
the high frequency pulse, in addition to the nonlinear self-
distortion of the high frequency pulse producing harmonic
components in the pulse. This increase in frequency given
by the pulse length reduction, is counteracting the lowering
of the pulse center frequency by the frequency dependent
absorption in the tissue, hence providing a higher received
center frequency than when this method is not utilized.

[0023] As the amplitude of the low frequency pulse is
greatly reduced in the first reflection, multiple scattered
pulses will not have this same nonlinear effect on the
propagation velocity for the high frequency pulse by the low
frequency pulse, and will due to absorption drop to lower
frequencies than first order scattered pulses with the same
propagation lag, and can hence be filtered away producing
a markedly suppression of the pulse reverberation (multiple
scattering) noise, similar to 2" harmonic imaging but with
1°* harmonic sensitivity allowing deeper imaging and the use
of higher ultrasound imaging frequencies than with 2°¢
harmonic imaging, improving spatial resolution. It is also
simpler to obtain broader transmit beams allowing the use of
more parallel receive beams, compared to 2™ harmonic
imaging, allowing higher image frame rates for 2 D and
especially 3 D imaging. This is especially true when sparse
arrays are used for the transmit beam, where it is difficult to
obtain high enough amplitudes for adequate harmonic pulse
self distortion due to the limited number of array elements.

[0024] In a 2™ method according to the invention one
transmits two or more dual band pulse complexes in
sequence for each radial image line, where the high fre-
quency pulse is found close to the peak or trough of the low
frequency pulse, and where the frequency and/or phase
and/or amplitude of the low frequency pulse vary for each
transmission, to nonlinearly manipulate the acoustic scatter-
ing and forward propagation properties of the tissue for the
high frequency components. The nonlinear manipulation of
the forward propagation velocity is also with this method
utilized in the process of forming image signals.

[0025] One can for example with this method also form a
1* image signal, Eq.(14), with highly suppressed pulse
reverberation noise with 1°* harmonic sensitivity, to be
utilized with the same advantages as for the single pulse
described above. The invention further devices to estimate
the nonlinear propagation delays, which provides a 1%
quantitative nonlinear image parameter, Eq.(27), which is a
quantitative nonlinear forward propagation parameter, as a
combination of the differential of the estimated nonlinear
propagation delays and an estimate of the amplitude of the
low frequency pulse. The frequency of this pulse can be
chosen so low (~0.1-1 MHz) that differences in ultrasound
power absorption between different tissues and individuals
can be neglected, and the low frequency pulse amplitude can
be estimated from simulations or measurements in water or
oil mixtures.
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[0026] The reduced reverberation noise in the received
signals according to the invention greatly helps the estima-
tion of corrections for wave front aberrations, for example as
described in U.S. Pat. No. 6,485,423, U.S. Pat. No. 6,905,
465 and U.S. Pat Appl 10/894,387, in conjunction With the
current invention. The invention also gives an approximate
estimate of delay corrections for the wave front aberrations,
derived from the nonlinear propagation delays estimated for
the signals from each element or sub-aperture signal further
defined in the specification below.

[0027] The invention further devices to correct the
received high frequency signals with the nonlinear propa-
gation delay estimates in the process of forming image
signals. One is then able to highly suppress the linearly
scattered signal from tissue in the process and provide a 2°¢
image signal, Eq.(19,28) which is the nonlinearly scattered
signal that shows local, nonlinear properties of tissues on a
scale less than a wave length, whereas the nonlinear propa-
gation parameters show nonlinear tissue properties on a
scale larger than a couple of wave lengths. The nonlinear
signal then provides image contrast to rapid changes in
tissues with improved differentiation of tissues. The nonlin-
ear scattering is specially high at interfaces between mate-
rials with large differences in compliance, such as at inter-
faces between soft tissue and stiffer tissue like connective or
muscular tissue or solid materials like calcifications, or
between soft tissue and high compliance objects like fat or
micro gas bubbles, hence improving the diagnosis of tumors
and atherosclerotic plaque.

[0028] For micro gas bubbles, either formed spontane-
ously during decompression or injected into the object as a
contrast agent, the bubble compression dynamics with ultra-
sound pressure waves is described by a differential equation,
providing a resonant ultrasound scattering with a frequency
dependent phase lag between the incident and the scattered
wave, contrary to scattering from ordinary tissue where the
frequency variation of this phase is practically negligible.
The resonance frequency and hence this phase lag of the
scattered signal for the high frequency pulse from a micro-
bubble is also manipulated by the low frequency pulse, in
addition to the amplitude of the signal, which allows extrac-
tion of most of the scattered power from the micro-bubbles
with this method, both the linearly and the nonlinearly
scattered component, and significantly increases the CNR
(Contrast to Noise Ratio) relative to existing methods. With
good estimation of the nonlinear propagation delay correc-
tions and also amplitude corrections, the methods according
to the invention will strongly suppress the linearly scattered
signal from the tissue, and significantly increase the CTR
(Contrast to Tissue Ratio) relative to existing methods.
Contrary to state-of-the-art contrast agent detection meth-
ods, like harmonic imaging, pulse inversion, or power
Doppler, the methods according to the current invention can
use higher ultrasound frequencies relative to the resonance
frequency of the bubble, with improved spatial resolution.
One can also use lower pulse amplitudes (lower Mechanical
Index (MI)), which avoids destruction of contrast agent
bubbles. This is important for imaging of tissue-specific
targeted micro-bubbles where a limited group of micro-
bubbles adheres to selected tissues, for example tumor
tissues, atherosclerotic plaque, thrombi, etc. where it is
important to image the bubbles without destruction.
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[0029] A cloud of micro-bubbles in tissue or body fluids
will have strong, nonlinear effect on the propagation velocity
of a through-passing pulse, and in such cases it is especially
important to provide corrections for the nonlinear propaga-
tion delays for good suppression of the linearly scattered
tissue signal beyond the cloud of bubbles. With this delay
correction, the invention provides a separation between the
accumulated nonlinear forward propagation delay, and the
local, nonlinear scattering, contrary to what is found with
other methods like harmonic or pulse inversion imaging, and
provides a great advantage for suppression of tissue image
signal when imaging micro bubbles past the cloud, for
example in the distal myocardium. If no or limited correc-
tions for the nonlinear propagation effects are done in this
case, the linear scattering from tissue in regions beyond
contrast agent will show similar properties as the scattering
from contrast agent, hence masking the detection of contrast
agents in these regions. This can for example falsely indicate
blood perfusion in an ischemic region of myocardium.

[0030] Aside from the multiple clinical use of imaging of
ultrasound contrast agent micro-bubbles, imaging of micro-
bubbles according to this method in decompression situa-
tions can be used to monitor formation of such bubbles to
study and develop decompression profiles, or as an early
safety alarm against bends during decompression.

[0031] In another process according to the invention, the
delay corrected high frequency signals are combined along
the pulse number coordinate to provide a 3™ image signal,
Eq.(17,29), the linearly scattered signal. This linearly scat-
tered signal has the same attenuation due to power absorp-
tion as the nonlinearly scattered signal. Through a combi-
nation of the nonlinearly and the linearly scattered signals
and the estimate of the low frequency pulse amplitude
presented above, the invention presents a 2™ quantitative
nonlinear image parameter, Eq.(30), which is a quantitative
nonlinear scattering parameter. This 2°¢ quantitative nonlin-
ear parameter then represents the spatial fluctuations in the
nonlinear tissue parameters on a scale~smaller than the high
band wave length, while the 1° quantitative nonlinear
parameter reveal a spatial average of the nonlinear tissue
parameters on a scale~larger than the high band wave
length. The backscatter and the forward propagation hence
reveal two different quantitative image parameters that can
be visualized for increased information about the tissue
characteristics. The quantitative nonlinear parameters
improve differentiation of tissues, and also open for tissue
characterization with the method. Calibration of the thermal
variation of these quantitative parameters also opens for
local temperature estimation with ultrasound, for example to
be used for guidance of hyper- or hypo-thermal treatment of
tumors. It further provides new methods of quantifying
contrast agent volume in tissue and blood perfusion through
the tissue.

[0032] With non-moving, temporary stationary tissue, one
can for example transmit two pulses with different frequency
and/or phase and/or amplitude of the low frequency com-
ponents, and combine the scattered or transmitted signals
from these pulses to estimate the nonlinear tissue parameters
and suppress the pulse reverberations. When the tissue and
ultrasound probe move relative to each other, it is advanta-
geous to transmit more than two pulses for each radial image
line to adequately suppress the linearly scattered signal or
suppress the pulse reverberation noise with multiple pulses.
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For example, one can transmit a set of K pulses, all with the
same phase of the high frequency components, but with
different frequencies and/or phases and/or amplitudes of the
low frequency components for each pulse. The back-scat-
tered signals from these pulses are combined in a pulse-to-
pulse high pass filter that suppresses the pulse reverberations
and lets through the 1*" order scattered signal components.
With estimations and corrections for the nonlinear propaga-
tion delays before the high pass filter, one can extract the
local, nonlinearly scattered signal from the tissue or the
scattered signal from the micro-bubbles, and quantitative
nonlinear propagation and scattering parameters of the tis-
sue.

[0033] In this 2°! method the pulse reverberation noise
(and to a small degree the nonlinear signal components
themselves), introduce errors in the estimates of the nonlin-
ear propagation delays. These errors limit the suppression of
the linearly scattered signal when estimating the nonlinearly
scattered signal. To efficiently remove the effect of the pulse
reverberation noise on the estimation of the nonlinear delay
corrections, one can use the 2°¢ harmonic component of the
scattered signals with the 2° method according to the
invention, or one can according to a 3'¢ method of the
invention transmit at least three pulses with different fre-
quencies and/or phases and/or amplitudes of the low fre-
quency pulse, as described in relation to Eqs.(40-42). The 3™
method still have influence of the nonlinear scattering in the
estimation of the nonlinear propagation delays. In a 4
method according to the invention described in relation to
Eqgs.(43-46) one transmits at least 4 pulses with 4 different
levels of frequencies and/or phases and/or amplitudes of the
low frequency pulse, enabling the estimation of the nonlin-
ear propagation delays, the linearly scattered signal, and the
nonlinearly scattered signal, with minimal interference
between each other and from reverberation noise.

[0034] With electronic steering of the beam direction one
would typically use the same beam direction and transmit
focus for all the transmit pulses for each radial image line
and depth range, where the received signals are combined to
suppress the linearly scattered tissue signal for that image
line. Typical filtering schemes that are used are FIR-type
filters or filters with time variable impulse response like
orthogonal decomposition using for example Legendre
polynomials, with filtering along the pulse number coordi-
nate for each depth.

[0035] With mechanical scanning of the beam direction, as
with annular arrays or 3 D imaging, one would typically
transmit pulses with variations in the frequency and/or phase
and/or amplitude of the low frequency pulse as the beam
direction is swept continuously, feeding the signal for each
depth to a high pass filter along the pulse number coordinate.
The outputs of the high pass filters are then sampled for each
depth and radial image line to estimate the signals and image
parameters to be used for image reconstruction along that
radial image line in the depth range.

[0036] The invention further presents basic designs of
imaging instruments that operate according to the methods
according to the invention. As the number of pulses per
radial image line, together with image quality and informa-
tion, increases with the order of the methods, the frame rate
decreases with the order of the methods. In a most advanced
version, the instrument can operate more than one of the
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methods with procedures for optimal selection of the meth-
ods for best performance of the imaging under given con-
straints. Typical constraints are a minimal frame rate, mini-
mal requirements on image quality etc.

[0037] As a last point, the invention provides a design
procedure of transducer arrays that minimize the nonlinear
effect on the propagation delay of the high frequency pulse
by the low frequency pulse. With low amplitudes (~50 kPa)
of the low frequency pulse components, such transducer
arrays can allow imaging of ultrasound contrast agents with
a limited but still interesting suppression of the linearly
scattered signal from tissue, without connecting for the
nonlinear propagation delays of the high frequency pulse
produced by the low frequency pulse.

4. BRIEF DESCRIPTION OF THE DRAWINGS

[0038] FIG. 1 illustrates a first type of transmit pulses
according to the to the invention containing both a low and
a high frequency pulse where the high frequency pulse is
located at a spatial gradient of the low frequency pulse.

[0039] FIG. 2 shows how depth variable band pass filter-
ing of the received signal from a pulse as in FIG. 1 can be
used to highly suppress pulse reverberation noise.

[0040] FIG. 3 illustrates a second type of transmit pulses
according to the invention containing both a low frequency
pulse and a high frequency pulse where the high frequency
pulse is by way of example placed in the peak positive or
peak negative period of the low frequency pulse.

[0041] FIG. 4 illustrates the forward propagation lags of
the high frequency pulse that is produced by the low
frequency pulse of FIG. 3.

[0042] FIG. 5 illustrates a set of received high frequency
signals from consecutive transmit pulses as a function of the
fast time (depth) and slow time (pulse number coordinate).

[0043] FIG. 6 illustrates received linear and nonlinear
frequency lines along the slow time frequency coordinate.

[0044] FIG. 7 a and b illustrates how pulse reverberations
experience less nonlinear propagation manipulation by the
low frequency pulse than the first order scattered signals,
and FIG. 7c illustrates the depth dependent processing gain
produced by the method of suppressing the pulse reverbera-
tions in the signal.

[0045] FIG. 8 shows a transducer array assembly for
transmission of the low and high frequency components.

[0046] FIG. 9 illustrates a basic transducer array and
instrumentation principle for us measurements of transmis-
sion and angular scattering in the object.

[0047] FIG. 10 shows a block diagram of an estimation
unit for the signals and meters that can be obtained with the
method.

[0048] FIG. 11 shows yet another block diagram of an
estimation unit for the image parameters that can be
obtained with the method.

[0049] FIG. 12 shows a block diagram of an instrument
for scatter imaging to the invention.

[0050] FIG. 13 shows a block diagram of an instrument
for tomographic image ion from transmission and angular
scattering measurements according to the invention.
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5. DESCRIPTION OF EMBODIMENTS OF THE
INVENTION

[0051] Ultrasound bulk waves in homogeneous materials
are in the linear regime governed by a linear wave equation
where the bulk wave propagation velocity ¢, is determined
by the mass density p, and the bulk compressibility K, of the
homogeneous propagation medium. The bulk compressibil-
ity is in the linear approximation of bulk elasticity defined
through the relative volume compression of the material as

oV €9)

H =_V%=K0p

[0052] where 8V is the relative volume compression of a
small volume AV subject to the pressure p, and 1 is the
particle displacement in the material so that -V is the
relative volume compression.

[0053] In soft tissue, there are spatial fluctuations in
the compressibility and mass density that produce
scattering of ultrasound from the tissue. We denote
the spatially varying mass density and compressibil-
ity for low pressure amplitudes as py(r) and (1),
where 1 is the spatial coordinate. The linear back-
scattering coefficient from a local point r is then

Kol ece,) = kz(Ko(r) —Koa(F)  pol(r) = poa(r) ‘ es] 2

Koa () polr)

[0054] where p,,(r) and K,(r) are spatial averages of the
mass density and bulk compressibility on a scale ~a couple
of wave lengths A of the ultrasound pulse, and es is the unit
vector in direction of the incoming wave, and ¢, is unit
vector in the direction one observes the scattered wave, as
illustrated in FIG. 9. The scalar product ¢, =cos v,, where
v, 1s the angle between the direction of the incoming wave
and the scattering direction. For back-scattering vy, =r and
e.e.=—1. The wave number of the incident wave is k=w/c=
2m/h with o as the angular frequency and c as the ultrasound
propagation velocity. The linearly back-scattered signal at r
from a pressure wave with amplitude p,(r,w) at the angular
frequency  is then proportional to kK*v(r)p,(r,m). The
imaging is typically done with a transmitted pulse with
center frequency w, and bandwidth B, where the image
signal is band pass filtered version of k*u(r) in the range (r)
coordinate around 2k,=2m,)/c and bandwidth 2B /c. As a
softer material (increased compressibility) usually has a
lower density, the compressibility and mass terms in Eq.(2)
usually have opposite signs so that for back scattering the
magnitudes add constructively, where the compressibility
term dominates the back-scattering by a factor ~2.5 over the
mass density term.

[0055] The spatial variation in the average mass density
and bulk compressibility, py.(r) and K,,(r), produces a
spatial variation in the propagation velocity as
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1 3
Cos(r) =
PoaFKog (1)

[0056] This spatial variation of the propagation velocity is
responsible for aberrations of the wave front, specially found
in the body wall, but also throughout the whole of some
objects, like the breast and glands that contain regions of fat
or connective tissue.

[0057] Typical values for soft tissues are k,~400-107*
Pa~" with a typical ultrasound pulse amplitude of p~10° Pa,
which gives 8V/AV~0.4-107>. A volume compression pro-
duces an increase in the mass density as 3p/py=K,,~0.4-10
3. Similarly, when the tissue is compressed, there is a
decrease in the bulk compressibility which together with
ultrasound absorption in the tissue modifies Eq.(1) as [1]

3V @)

zy = V¥ == Buopkop + h@kop

[0058] where §,=(1+B/2A)~5 is a nonlinearity parameter
related to the commonly defined parameters B and A for the
nonlinear bulk modulus [1]. The temporal convolution
between the pressure waveform and h represents the fre-
quency dependent ultrasound power absorption in the mate-
rial. The first term describes a nonlinear bulk compressibility
influenced by the pressure where a differentiation of this
term a reference pressure p, gives

1 8AV ®)
K= NATE (1 =2B,k0po)ko

[0059] which gives a relative variation of the compress-
ibility with pressure as 0k, /K,=-2p,Kspo. The nonlinear
variation in bulk compressibility is hence 28 ~10 times
higher than the nonlinear variation in mass density produced
by the pressure, where for p~1 MPa we get di /K,=-
2B Kopg~4-107°.

[0060] The nonlinear variation of the mass density and the
compressibility produces a nonlinear modification of both
the scattering and the forward propagation velocity of the
wave, and the invention utilizes these effects to reduce pulse
reverberation noise, increase image contrast for various
tissues, micro-calcifications, and micro gas bubbles, and
produce quantitative acoustic image parameters of the tis-
sue, micro calcifications, and micro gas bubbles. In the
following we describe example embodiments of the inven-
tion with reference to the Figures.

[0061] In a 1°*" method according to the invention, we
utilize time compression and expansion of the high fre-
quency pulse by the low frequency pulse to manipulate the
center frequency and the bandwidth of the forward propa-
gating pulse within the object. This time compression is
produced by the pressure dependency of the forward propa-
gation velocity, which can be approximated as

p
Ca=Coa¥" 142BacKool=2Pna” (Kool ~Coa(1+Pucocp?) O]
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[0062] where B, and x,, are local, spatial average values
over a couple of wavelengths at zero pressure as defined
above. To further illustrate this principle, we refer to F1G. 1a
which shows a transmitted pulse that is composed of a low
frequency component 101 with amplitude p, and a high
frequency component 102 with amplitude p;, where the high
frequency component is riding on the negative spatial gra-
dient of the low frequency pulse, centered around the zero
of the low frequency pulse for the example. The high
frequency pulse is used for the imaging, and in the receiver,
the low frequency pulse is removed through filtering, for
example in the receiver transducer itself.

[0063] The pressure dependent propagation velocity pro-
duces an accumulatively increasing forward propagation
distortion of the pulse determined by the actual pulse
pressure, which is the sum of the low and the high frequency
pulse pressures. This distortion can be separated into a pulse
length compression of the zero points of the high frequency
pulse produced by the low frequency pulse, and a pulse
shape self distortion produced by the instantaneous high
frequency pressure itself. 103 in the FIG. 1b illustrates the
time compression distorted pulse (dashed lines) where the
undistorted high frequency pulse 102 is shown (dotted lines)
for comparison, and the added pulse self distortion produces
the fully distorted pulse 104. The pulse compression occurs
since the higher low frequency pressure at the high fre-
quency pulse tail gives a higher propagation velocity of the
tail of the pulse, compared to the propagation velocity with
the lower low frequency pressure at the head of the high
frequency pulse. This pulse compression produces an
increase in the center frequency and the bandwidth of the
high frequency pulse, while the pulse shape distortion intro-
duces harmonic components of the fundamental frequency
band of the high frequency pulse, which both are utilized in
this 1% method according to the invention.

[0064] This nonlinear forward propagation distortion of
the pulse, is the same effect that produces harmonic com-
ponents in the forward propagating pulse, that is linearly
back scattered from the tissue, and is used in harmonic
imaging of tissues, further discussed in relation to Egs.(10-
14) and FIG. 9. The amplitude of the harmonic component
in the pulse first increases with propagation distance, for
later to decay with increasing propagation distance due to
the ultrasound power absorption of the high frequency pulse.
The low frequency band can be chosen so low (~0.1-1 MHz)
that the absorption of the low frequency pulse is practically
negligible over actual image ranges, and the nonlinear
propagation effect of the low frequency pulse on the high
frequency pulse stays at the same level throughout the whole
image range, also with other situations according to the
invention as for example shown in FIG. 3. This provides
increased sensitivity at deep ranges with methods according
to this invention, compared to 2™ harmonic imaging, a
phenomenon we return to in relation to Eq.(14) and FIG. 7c.

[0065] The pressure difference of the low frequency pulse
across a wavelength A, of the high frequency pulse is
Apg=h,0p/0z=p kot =2mph, /Ay, Where p, is the ampli-
tude, k =27/}, is the wave number, and A is the wave length
of the low frequency pulse. This gradient produces a differ-
ence in propagation velocity over a high frequency wave-
length of Ac,=—f,.Kq.C0.Apo Which after a propagation time
t=z/c,, gives a compression of the wave length of Ak, =Ac,t=
zAc,/co,=—P Ko, APz This propagation compression pro-
duces a compression increase in the high frequency of
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[0066] The frequency change due to the pulse compres-

sion/expansion is accompanied by a proportional change in
the pulse bandwidth (~inverse pulse length). The ultrasound
absorption produces a down-sliding of the pulse center
frequency while preserving the pulse bandwidth. The com-
pression increase in frequency is only found for the outgoing
pulse where the amplitude of the low frequency pulse is
sufficiently large, while the absorption down-sliding is found
both for the outgoing and scattered pulse, which for back
scattering gives a propagation distance of 2z. For a Gaussian
pulse envelope the down sliding in frequency is given as

AMf=-0.7208% ®)

[0067] where B is the 3 dB bandwidth of the ultrasound
pulse, and c=dBatt/8.686 (mmMHz)™ is the frequency
constant of the absorption coefficient with linear frequency
dependency of the absorption. With dBatt=0.05 dB/mmMHz
we get =5.76-107> (mmMHz)™". We should note that with
transmission computed tomography imaging, which is dis-
cussed in relation to FIG. 9, we have only one way propa-
gation where the absorption down-sliding of the frequency
is half of that in Eq.(8).

[0068] The typical imaging range, R, for back scatter
imaging is limited by the ultrasound absorption that
increases linearly with frequency. The range R is therefore
related to the high frequency ultrasound wavelength A =c,./
f, as R~200h,-300,. For p,=1 MPa, f,=5, K,,=400-10"*
Pa™, R=250h, and Ay/A =10, we get Af, =0.458f,, which
for £,=10 MHz gives Af, =4.58 MHz. The denominator in
Eq.(7) finally gives an infinite increase in the frequency,
which is the phenomenon known as acoustic shock. How-
ever, with absorption, shock is avoided due to the simulta-
neous down sliding of the frequency in Eq.(8). For B=5
MHz we get Af,,=4 MHz, which balances the compression
up-conversion of the frequency. This implies that we should
approximate the denominator in Eq.(7) to 1, which gives a
compression up-conversion of the frequency of Af; =3.14
MHz, which is balanced by the absorption down sliding, so
that the received frequency for the first order back scatter in
the absorbing medium is approximately 10 MHz for all
depths, as transmitted.

[0069] As the pulse compression is produced by the low
frequency pulse where as described above the power absorp-
tion can be neglected for actual imaging ranges, the pulse
length compression with the corresponding increase in the
bandwidth is practically independent of the absorption over
actual imaging ranges. The absorption down-sliding of the
center frequency of the high frequency pulse, however, is
produced by the absorption of the high frequency pulse. The
frequency-down sliding is proportional to the absolute band-
width B of the pulse, squared, and the absorption down-
sliding preserves the bandwidth. Hence, the combined effect
of the nonlinear pulse compression and the absorption down
conversion in the above example is a pulse with approxi-
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mately constant center frequency, but with bandwidth
(~inverse pulse length) that increases with depth. Note from
Eq.(8) that the increase in B width depth produces acceler-
ating absorption down-sliding with depth.

[0070] The forward propagation up-conversion of the high
band pulse frequency can be used to improve image reso-
lution at deeper ranges. It can also be used to increase
penetration with better resolution at deep ranges where for
example one transmits a fairly low frequency that is
increased to a higher frequency at deeper ranges by the low
frequency pulse, hence reducing the total absorption along
the pulse path for the obtained high band pulse frequency at
the deep ranges. It can also in this aspect be utilized a sliding
between the phase of the low and the high frequency pulses
with propagation distance, with special designs of the low
frequency beam profile in relation to the high frequency
beam profile as discussed in relation to FIG. 8 below. This
sliding for example makes it possible that the high frequency
pulse is found at the negative spatial gradient of the low
frequency oscillation in the near/mid range to slide towards
Zero or even positive spatial gradient of the low frequency
oscillation in the far range. This reduces the pulse compres-
sion to zero or even introduces a stretching of the high
frequency pulse by the low frequency pulse, which (also
combined with absorption down-sliding) reduces the center
frequency and bandwidth of the high band pulse for the deep
ranges, that produces increased penetration.

[0071] The amplitude of the low frequency pulse drops
heavily at the first reflection, and the compression/expansion
effect on the high frequency pulse is practically negligible
after the first reflection as discussed in relation to FIG. 7
below, while the absorption down sliding of the high center
frequency prevails for the whole propagation distance of the
multiply scattered signal. Hence the frequency distance
between the 1°* order scattered signal and the pulse rever-
beration noise can be made to increase with depth in the
image, as illustrated in FIG. 2. In this FIG. 201 shows an
anticipated variation of the center frequency of the 1° order
back scattered signal, with a signal bandwidth B,(z) that
increases with depth illustrated by the boundary lines 202
produced by compression of the high frequency pulse by the
low frequency pulse. The center frequency of the pulse
reverberation noise decreases with depth due to absorption
and exemplified as the line f,. (z) shown as 203 in the
Figure. The absolute bandwidth B, (z) is practically the
same as the transmitted bandwidth, and is indicated by the
limit lines 204. The 2™ harmonic band of the 1 order back
scattered signal due to the self distortion is shown with its
center frequency 2f,(z) as 205 and bandwidth B,(z)>B,(z)
by the limit lines 206. The amplitude of the 2°¢ harmonic
component first increases with depth followed by a drop
with depth due to absorption of the high frequency compo-
nents.

[0072] For strong suppression of the pulse reverberation
noise in the received signal, the invention devices the use of
a receiver filter which suppresses lower frequencies with a
cut-off frequency that slides with depth range. In FIG. 2 is
shown by way of example a receiver band pass filter with a
sliding center frequency f,_(z), exemplified by the line 207
with bandwidth B, (Z) that can vary with depth as illus-
trated by the boundary lines 208 in the Figure. In the near
range, the frequency difference between the pulse reverbera-
tion noise and the 1°* harmonic band of the 1* order scattered
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signal is so low that one can not separate the two compo-
nents in the frequency domain. However, the 2°¢ harmonic
band of the 1° order scattering quickly increases in ampli-
tude and has low reverberation noise, so that placing the
receive frequency around the 2™ harmonic band for low
depths as shown in the Figure, provides a received signal
with strong suppression of the pulse reverberation noise for
these depths. As z increases, the frequency separation
between the 1°* harmonic component of the 15 order scat-
tered signal and the pulse reverberation noise increases, and
one can slide down the receiver filter in frequency, and
possibly also increase the filter bandwidth, as shown in the
Figure, to include in the received signal frequency compo-
nents from the 1* harmonic components of the 1% order
scattered signal. This will give higher amplitude of the
received signal, as the 1% harmonic components are stronger
and less attenuated with depth than the 2™ harmonic com-
ponents, hence preserving the sensitivity of the imaging
system for deeper depths. B,.. can increase with depth
because the 1°* harmonic pulse bandwidth increases due to
the described pulse length compression, and also to include
both 1** and 2™ harmonic components for increased signal
power, or one can for deep ranges decide to reduce the
bandwidth to reduce receiver noise. Also, when the high
frequency pulse slides from the negative to the positive
spatial gradient of the low frequency pulse as described
above, i.e. from pulse compression to expansion, the pulse
bandwidth reduces which can be matched with a reduced
B,... One should also note that the pulse reverberation noise
is in the low frequency range, so that one can use a receiver
high pass filter instead of the band pass filter, where the high
pass filter cut-off frequency slides downwards with z to
include more of the 1% harmonic band maintaining strong
suppression of the pulse reverberation noise.

[0073] With this method one is hence able to preserve 1%
harmonic sensitivity for deep ranges with a suppression of
the pulse reverberation noise similar to 2" harmonic imag-
ing, allowing deeper imaging of dense objects like the liver,
the kidneys, the breast, etc with higher frequencies and
better resolution. The compression reduction in the high
frequency pulse length also improves the range resolution in
the image in a way not previously seen. With a beam profile
designed as discussed above, where the phase between the
low and high frequency pulses slides with depth so that the
high frequency pulse is expanded for large depths it is still
possible with proper designs to keep the pulse reverberation
noise sufficiently separated from the 1** order scattering in
the frequency domain, so that the pulse reverberation noise
can be sufficiently suppressed with the receiver band pass
filter. This modification of the method will hence provide
deeper penetration, while maintaining high frequencies for
better resolution in the mid to near field.

[0074] Tt should be evident that one for each beam direc-
tion can transmit more than one of the pulse complexes in
FIG. 1 with a subsequent processing of the received signal
from each pulse as in FIG. 2, where said processed received
signals are used with known further processing to produce
image signals, such as structural signals, Doppler velocity
signals of moving scatterers and all signals derived there-
from, and frequency analysis in depth/time for characteriza-
tion of the scatterers/tissues, etc., known to anyone skilled in
the art. 2 D and 3 D images are formed by lateral scanning
of the beam with possible parallel transmit and/or receive
beams. One do not have the same limitations for
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[0075] In a 2™ method according to the invention one
transmits two or more pulse complexes with frequency
components in a low and a high band which overlaps in time,
and where the amplitude and/or the phase and/or the fre-
quency of the low frequency pulses vary from pulse to pulse.
The method provides another type of received signal with
highly suppressed pulse reverberation noise similar to the
previous method according to the invention, and also allows
imaging of nonlinear scattering parameters in tissue, espe-
cially imaging of micro calcifications and micro gas
bubbles, and also provides quantitative nonlinear scattering
and propagation parameters of the tissue. We start describing
the method with reference to FIG. 3a, which shows a
transmitted pulse that is composed of a low frequency
component 301 and a high frequency component 302, where
the high frequency component is riding on the positive ridge
of the low frequency pulse with amplitude p,. The high
frequency pulse is used for the imaging, and in the receiver,
the low frequency pulse is removed through filtering. As
these two pulses propagate together through the tissue, the
amplitude of the low frequency pulse influences the scat-
tering coefficient of the tissue for the high frequency com-
ponents through the nonlinear variation of the compressibil-
ity and mass density as

KPulr; e,e,) = Kug(r; e,e,) + KR un(r; e, )po ]
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[0076] The nonlinear compressibility term is now
~2p,2.5~25 times larger than the nonlinear mass density
term and the two terms generally have opposite signs.
Imaging with high frequency pulses centered at w,, will
produce a band pass filter in the range coordinate of this
parameter in the frequency range around 2k;=2w,/c as
described above.

[0077] Further by example, we transmit a 2" pulse as
illustrated in FIG. 3b, where the polarity of the low fre-
quency pulse 303 is reversed compared to the pulse 301,
while the high frequency pulse 304 has the same time
position in the pulse complex as 302 in FIG. 34, so that the
low frequency amplitude at the location of the high fre-
quency pulse is now —p,. As the nonlinear scattering param-
eter in Eq.(9) is linear in the added pressure, *p,, the
nonlinear scattered signal from the high frequency pulse 304
in FIG. 3b has opposite sign to the nonlinear scattering from
the high frequency pulse 302 in FIG. 3a. At the same time,
the linear component of the high frequency scattering from
the tissue, as given by Eq.(2), is not influenced by the low
frequency pulse.

[0078] Due to the nonlinear variation of the propagation
velocity with the pressure as given in Eq.(6), the propagation
velocity of the high frequency pulse will vary between the
pulses in FIGS. 3a and b as Ac/cy,=2f,,K,.Po- The back-
scattered signal from the high frequency pulses are therefore
time shifted for the positive and negative polarities of the
low frequency pulses. The propagation velocity cod for soft
tissues has an average value of ~1.54 mm/usec. The time lag
of the back-scattered signal from a scatterer at range 1 is
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[0079] where s is the distance along the beam axis, ty(r) is
the time lag for p,=0, T(r) is the added nonlinear propagation
time lag due to the nonlinear manipulation of the propaga-
tion velocity for the high frequency pulse by the low
frequency pulse, and py(s) is the amplitude of the low
frequency pulse at the location of the high frequency pulse
as a function of depth. We shall in the following refer to ©(r)
as the nonlinear propagation time lag or nonlinear propaga-
tion delay. The high frequency pulse will also have an
accumulative self-distortion as described in relation to FIG.
1b, which increases the harmonic bands of the high fre-
quency pulse for a certain distance followed by reduction
due to the absorption of the high frequency pulse at deeper
ranges. Due to the low frequency of the low band pulse
(~0.1-1 MHz) the nonlinear propagation lag imposed by the
low frequency pulse will prevail for much larger depths. The
factor 2 in to(r) stems from the sum of the propagation time
lag of the outbound, transmitted pulse, and the time lag of
the back-scattered pulse. The low frequency component will
only have high enough amplitude to affect the propagation
velocity of the outbound pulse, and hence this factor of 2 is
not found in 1(r). As the nonlinear time lag manipulation is
done on the outbound pulse, this time lag manipulation is the
same for the scattered signal in all directions, also in the
forward direction, which is a manipulation of the forward
propagation velocity that we return to in relation to FIG. 9.

[0080] When the phase relations of the high and low
frequency components are practically constant along the
beam, this time shift will vary monotonously with the local
spatial average of f__«_, as shown in FIG. 4, where 401
shows T,(r) where the high frequency pulse rides on the
positive ridge of the low frequency pulse, and 402 shows
T_(r) where the high frequency pulse rides on the negative
valley of the low frequency pulse. t(r) is the difference
delay between these two pulses, shown as 403.

[0081] For an amplitude of the low frequency pulse of
Ppo~1 MPa we get Ac/c,, =P, K, po~2-10>, which for a range
R=300A,=300c,,T; where T;=1/f, is the period of the high
frequency pulse, we get an added time lag from Eq.(10) of
YR) up to ~0.6T}, ie. close to the period at the high band
center frequency. We should note that the difference in
nonlinear propagation lag for the positive and negative low
frequency pulse in FIG. 3 is twice this value. Hence, even
with lower amplitudes of p, down to for example p,~50 kPa,
one gets considerable nonlinear propagation delay according
to Eq.(10), which must be compensated for to adequately
extract the nonlinearly scattered signal as described below.
With transmission computed tomography imaging, we have
only one way propagation with no signal reduction in the
scattering process, which allows for at least twice the image
range with transmission computed tomography, and hence
also twice the end magnitude of the nonlinear propagation
delay, which we return to in relation to FIG. 9.

[0082] We now describe how the invention establishes
image signals by the nonlinear manipulation of the scatter-
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ing and propagation parameters of the tissue for the high
frequency pulse, by the low frequency pulse, according to
the 2™ method of the invention. We first examine the
situation with back scatter imaging and let x,(t) denote the
received back scattered signal from transmitted pulse no k,
where examples are given in FIG. §. The time t reflects the
depth of the scatterers and is denoted the fast time, while the
pulse number coordinate k samples slower variations in the
tissue, and is referred to as the slow time coordinate. The
sample rate along the slow time coordinate is the pulse
repetition frequency £,,.=1/T,,.;, where T, is the time inter-
val between transmit pulses, and is typically chosen a little
longer than the time T, __~300T, required to collect scat-
tered signal from the deepest image range lag T_ ... The
Figure schematically illustrates received signals for 5 slow
time samples 501-505 as a function of the fast time. The
signals varies as a function of the slow time coordinate due
to the following effects:

[0083] Variations in the low frequency pulse py as a
function of k. In some situations according to the
invention, the amplitude of the low frequency pulse
is po~(~1)*. This gives a variation of the received
signal in the slow time coordinate for fixed t pro-
duced by the nonlinear scattering and propagation
with a slow time frequency ~f, /2, as described
below.

[0084] Movements between the scatterers and the
transducer array in the range direction of the high
frequency beam. This produces a Doppler shift of the
received signal in the slow time coordinate for fixed
t.

[0085] Movement between the scatterers and the
transducer array lateral to the beam direction. This
phenomenon is for example found with lateral
mechanical direction scanning of the ultrasound
beam or the movement of a cardiac wall, and pro-
duces a frequency broadening of the signal along the
slow time coordinate.

[0086] A mathematical model of the back-scattered 1°
harmonic band of the high frequency signal x,(t) where the
low frequency pulse switches polarity between transmit
pulses, i.c. po~(—1), and the scatterers are moving, can be
written as

Sl O= (0 ()T (10 - (1) () et or O

[0087] where m =2,V /c, is the average Doppler shift for
scatterers moving with average radial velocity v, away from
the transducer in each range cell along the beam. u,,(t) is the
complex envelope of the linearly back-scattered scattered
signal and u (1) is the complex envelope of the nonlinearly
back-scattered signal from high frequency pulse no k with
positive amplitude p, of the low frequency pulse. The
envelopes vary with the pulse number coordinate k because
scatterers and the beam move relative to each other, and
scatterers within the range cell can move with different
velocities, both producing a frequency broadening of the
signal in the slow time coordinate. t(t) is the nonlinear
propagation lag as a function of the fast range-time coordi-
nate for positive amplitude of the low frequency pulse. For
simplicity, we have used the analytic form %(t) of the
received signal where the physical, radio frequency ultra-
sound signal x,(f)=Re {x(1)}. The analytic signal can be
obtained from the physical signal as
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[0088] denotes the Hilbert transform of the signal, and
x(1) is the complex envelope of the signal.

[0089] The 2™ harmonic band can be represented by a
similar formula as Eq.(11) where the angular frequency is
2m,, the Doppler frequency is 2m,, and the nonlinearly
scattered signal is very low and can be neglected except for
scattering from micro bubbles. The 2°¢ harmonic band has
suppressed pulse reverberation noise which can help in the
estimation of the nonlinear propagation delay which we
return to in relation to Eq.(21).

[0090] The pulse-to-pulse switching of the nonlinear
delay, (-1)*T(t), has strongest effect in the phase as the phase
switching (-1)*w,T(t) compared to the delay switching of
the envelopes, t—(-1)*1(t), because the bandwidth of the
signal is limited. To visualize the effect of the delay switch-
ing on the envelopes we separate the envelopes in an even
and an odd function around t, which allows us to express the
complex envelope of the received signal as

B () = {05 (0, T0) = 1, 7)) + (DR T0) — i Ty (12)

£ Tkt -1 I

1
u;k(t, 7) = quk(t+ T+ug(-0yg=1,n
o 1 N
g (t, T) = quk (t47) —ug(t-1)}
[0091] where the superscript ¢ denotes the even compo-

nents and o denotes the odd components in T around t. The
even component is unchanged by a change in sign of T, while
the odd component changes sign. We note that (-1)“=
exp{ink}=exp{ikT,cw,¢2}, where w,~=2/T ¢ is the
angular pulse repetition frequency and hence the angular
sampling frequency in the slow time coordinate. Introducing
this expression we can further develop

Eq. (12) to

Hh(e) = {5, — 2y cos wyT{r) — iUy, —u5,) sin wl‘r(l)}eiwdrp’fk + (13

{(ugy — i) cos i T(D) — i, — tyy) sin = wi (1)}
ei(wd+u/p,f/2)Tp’jK

[0092] For fixed fast time t, the signal is in the slow time
coordinate k composed of 4 components (frequency lines) as
illustrated in FIG. 6a, where 601 shows the frequency line
A of (v, -u°)cos wy(texplingT,,k} centered around
the average Doppler shift w,, 602 shows the line B of
-i(u®y—u®)sin - o w(texp{i(o+w,/2)T, K} centered
around wg+w,,/2, 603 shows the line C of (u° —u®;,)cos
@ o(t)expli(w g+, /2)T, ¢k} centered around w,+w,,q/2,
and 604 shows the line D of -i(u®,~u’;)sin
o utexpiion T, &} centered around w,.
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[0093] The lines are generated through a mixing of linear
and nonlinear scattering with the pulse to pulse switching of
the nonlinear propagation delay, (-1)*(t). With no nonlinear
delay switching, i.e. =0, the odd components become zero
and the even components are equal to the original envelopes.
The lines 602 and 604 disappear and all the linearly scattered
power is contained in the line 601 centered around w,, while
the nonlinear scattered power is contained in the line 603
centered around wy+w,,2.

[0094] The effect of the nonlinear propagation delay
switching is strongest in the phase of the signal because the
limited signal bandwidth, where it produces a frequency
mixing with a shift /2 It also produces a frequency
mixing with a shift of w2 by its participation in the
envelopes as t—(~1)*t(t) through the odd components of the
envelopes for the linear scattering, u®;,(t), and the nonlinear
scattering, u° 4 (t), while the envelope delay switching has
no frequency shift effect on the even components of the
envelopes. The delay shifting in the phase produces a
shifting of part of the linearly scattered power from centered
around wy to the line 602 centered around wy+m,,2 repre-
sented by the even component u°;,. A combined switching
in the phase and the envelope shifts part of the power from
centered around o, to centered around wy+w,, /2 and back
to centered around wy as part of line 604 represented by the
odd component u°;,. Similarly, the nonlinear delay switch-
ing shifts part of the nonlinear scattered power from line 603
to 604 through the switching in the phase and represented by
the even component u° ,, while a combined switching in the
phase and the envelope shifts part of the power from
centered around w+,,52 to centered around w, and back
to centered around wy+m,,¢/2 as part of line 602 represented
by the odd component u° .

[0095] We note that as r increases, the amplitude of the
line 601 drops ~cos w,7(t), while the amplitude of the line
602 increases ~sin ,7(t) and becomes maximum when
,7(t)=n/2, which also gives zero for the line 601. This
means that most of the linearly scattered power is moved
from being centered around w, to being centered around
wa+0,42 by the delay switching in the phase, but some
linearly scattered power is mixed back to centered around w,
as part of line 604 through the odd component of u,(t). The
same effect is found for the nonlinear scattering, where as T
increases the amplitude of the line 603 drops ~cos w,T(t),
while the amplitude of the line 604 increases ~sin w,t(t) and
becomes maximum when w,t(t)=rt/2, which also gives zero
for the line 603. Most of the nonlinearly scattered power is
moved from centered around mg+w,,¢/2 to centered around
o, by the delay switching in the phase, but some nonlinear
power is mixed back to centered around wy+w,,,¢/2 as part of
line 602 through the odd component of u,(t).

[0096] If the range cell also covers moving blood, the
linear scattering from blood will produce additional and
usually wider spectra where the power is divided between
605 with the original Doppler shifts w=-2m,v /c where v,
is the spread blood velocity, and 606 with frequencies
w4+0,,¢2. The mixing of the blood signal with the switch-
ing in the nonlinear propagation delay follows the same
rules as for the linear scattering from tissue in lines 601 and
602. The nonlinear scattering from the blood is, however, so
week that it will disappear in the noise.

[0097] The signal model in Egs.(11-13) includes only the
first order scattered signal, where the out-going high fre-
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quency pulse follows the low frequency pulse. With multiple
scattering, also called reverberations, of the outgoing high
frequency pulse, we get some modifications of the multiply
scattered signal from this model. The amplitude of the low
frequency scattered pulse is low, and hence its nonlinear
delay effect on the propagation velocity of the scattered high
frequency pulse, Eq.(6,10), can be neglected. This is espe-
cially important for reverberations of the outgoing pulse in
the body wall, where FIG. 7a shows an example structure of
the transducer array 701 and body wall reflectors. 702 shows
a strong reflector in front of the array. The transmitted pulse
follows a path indicated by 703, where the pulse on the first
hit on the reflector 702 is partially transmitted as 704 and
partially reflected as 705. The reflected pulse is then again
reflected from the transducer surface, or other strong reflec-
tors to generate the reflected pulse 706 that is again partially
transmitted and partially reflected, and so forth.

[0098] The reflected original pulse from a deeper reflector
707 is shown as 708 in FIG. 7b for the positive low
frequency pulse, and as 709 for the negative low frequency
pulse, where these pulses have a delay difference given by
variations in the nonlinear propagation delay of Eq.(10). The
twice reflected pulse from the reflector 702 is shown as 710
for the positive low frequency pulse. Upon the first reflection
at 702, the pulse amplitudes are reduced, and the reduction
in amplitude of the low frequency pulse greatly reduces the
time lag manipulation of Eq.(10) for the reverberation
pulses, compared to the forward propagating pulse. The
twice reflected pulse from 702 for the negative low fre-
quency pulse, will therefore only have minor difference in
delay from 710, and is therefore indicated as 711 overlap-
ping 710 in the Figure. The pulse reverberations of the
out-going pulse in the body wall will hence be found as a
frequency line centered around w=0, illustrated as the dotted
line 607 in FIG. 6a, where the delay mixed line around
/2 is very low in amplitude.

[0099] We are now in position to describe and discuss how
several new image parameters can be extracted from the
propagated and scattered ultrasound signals, to form new
and improved ultrasound images of the tissue, blood, and
velocities of scatterers. The extraction of the parameters can
be exemplified based on the received sequence of signals

x(1).

[0100] The first image signal that is extracted according to
the invention, is based on the reverberation corrected scat-
tering signal obtained by band pass filtering the received
sequence in the slow time domain around w2, for
example as indicated by the band pass filter 610 in FIG. 6a.
This filter highly attenuates the reverberation line 607 and
extracts the lines 602 and 603, where the linear scattering
components highly dominates the nonlinear scattering com-
ponents in these two lines. Combining the received high
frequency signals in for example a filter that attenuates the
low frequency slow time components while letting through
slow time components in a band as is common with Doppler
image processing, one can get a set of reverberation cor-
rected, linearly scattered signals as

ilk(t)=—{u1k°(t,tgt))cos Oy T(0)+Hu (4T ())sin

o,7(0) }ei(wd+wpxﬂ2 Tpitk (14)

[0101] The amplitudes of these signals increase monoto-
nously with T. By choosing adequate frequency of the low
frequency field (e.g. wy~w,/10), the absorption attenuation
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of the low frequency field will be very low within the image
range, and vary little between different tissues and individu-
als. We can hence design the low frequency field and pulse
amplitude so that we get a monotone increase in T(t) as in
FIG. 4, to get a monotonously increasing depth variable
processing gain function for the reverberation corrected
linear scattering, illustrated as 711 in FIG. 7c. Designing the
low frequency field so that w,™(T,,,,)=mt/2, where T, is the
maximal range-time, we get a close to maximum of this gain
curve at T ... This depth variable processing gain will
participate together with the user-controlled depth variable
gain available in ultrasound imaging instruments, reducing
the need for user interference on the depth gain controls.
Movement of the object, as the myocardium, can produce
Doppler shifts that can pass through the filter together with
the components in Eq.(14). This can be an advantage as the
stationary body wall pulse reverberation noise is highly
attenuated, the movement helps the 1% order signal from
object structures to pass through the filter, hence Improving
the image, for example of the apical region of the heart.

[0102] The filter outputs will also contain the nonlinearly
scattered components of lines 602 and 603 as

2o O)={ot (808 Jeos [OR AR (R ()N

0)1‘5(!)} ei(u)d+u)p[f/2)Tp[fk (1 5)
[0103] which is maximum for t=0, and decreases with
depth as T increases. However, the nonlinear scattering
signal component in Eq.(15) will be negligible compared to
the linear scattering signal component in Eq.(14).

[0104] The signals after the band pass filter can be used for
further Doppler processing to produce Doppler spectra and
radial Doppler image lines of scatterer velocities according
to known methods, where the full 2 D or 3 D image then is
generated by lateral sweeping of the beam. This method is
particularly useful for Doppler estimation of myocardial
movements and mechanical strain, as the reverberation noise
strongly interferes with such estimations. For blood velocity
measurements, one should note that the tissue clutter signal
in Eq.(14) is found around w,/2, and to suppress the tissue
clutter to estimate the blood signal, one can either use a band
stop filter in slow time around o,,¢/2, or frequency mix the
signal from o,¢/2 to w=0, and use standard, high pass type
clutter filtering before estimating Doppler frequencies of the
blood signal.

[0105] One can also use slightly different and overlapping
beam directions for each k, for example as obtained with a
continuous sweep of the beam with an annular array. One
might then also use an IR filter for slow time filtering (band
pass, low pass, high pass), where a low pass filter is
illustrated in Eq.(75) for similar processing.

[0106] A first signal according to the invention to be used
for a radial image line for the strength of the linear back
scattering with suppression of the pulse reverberations, can
be obtained as the envelope of one of the Z (1) of Fq.(14),
or the average envelopes of the z,,(t) for several k’s. One
can also form a linear combination of a set of received high
frequency signals x(t), for example similar to Eq.(19)
without delay corrections, that attenuates slow time fre-
quency components around w=0 while passing through slow
time frequency components around w,,¢/2, to produce the
signal z,(t) as a reverberation corrected linear scattering
signal for the radial image line determined by the beam
direction, and form the envelope a,(r) as
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ay(r) = Envizi (2r/c)} (16)

aw = =D
k

[0107] where Env{} is the envelope operator and r=ct/2 is
the depth range along the beam, and the formula for z,(t) is
an example band pass combination as in Eq.(19). The full 2
D or 3 D image is then obtained by lateral scanning of the
beams.

[0108] The pulse reverberations are reduced by the accu-
mulative delay effect of the nonlinear propagation velocity
manipulation by the pressure, the same effect that forms
harmonic distortion in the forward propagating pulse that is
utilized in harmonic imaging. However, with the current
method the nonlinear propagation is produced by the low
frequency pulse which has so low absorption that the
sensitivity with the method is similar to that for 1* harmonic
imaging. This allows the use of higher imaging frequencies
than with 2*¢ harmonic imaging with improved resolution,
and particularly allows better imaging at deep ranges in
dense objects like the liver, the kidneys, and the breast.

[0109] As the transmit beam with this method is a 1%
harmonic beam, it is easier to make a broader transmit beam
with this method than with a 2°¢ harmonic transmit beam.
This allows use of more parallel receive beams to increase
frame rate with 3 D ultrasound imaging.

[0110] To separate the nonlinear scattering components
from the linear scattering components, one must delay
correct (time shift compensate) the received signals, so that
the frequency shift mixing of the switching nonlinear propa-
gation delays disappears for the linear signal and line 602
disappears to leave only the nonlinear scattering line 603 in
the band around /2. The delay correction will depend on
the amplitudes and/or the phases of the low frequency pulses
relative to the high frequency pulses, and also varies with

depth according to Eq.(10), and as exemplified in FIG. 4.

[0111] According to one aspect of the invention, one can
estimate delay corrections t,(t) by maximizing the power in

K-1 )
X (T +7(D)

k=0

an
Zlc

[0112] Generally there is no reference signal, so for deter-
mining the delay corrections one must use one of the signals
as reference, where the delay correction for this signal
becomes zero. We hence can determine only K-1 indepen-
dent delay corrections according to the methods discussed
below. The summation represents a low pass filter in the
slow time domain with the frequency transfer function

. sin Knw /[ wp,s (18)

Hl((u) - ei(l(—ltmu/wp _
$in 7w [ Wpyf

[0113] One can also use other variations of low pass filters,
for example illustrated as 611 in FIG. 6b. This is for

12
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example obtained by introducing weights wk in the sum in
Eq.(17) as a FIR filter, but an IIR filter can also be used,
especially with a continuous sweep of the beam as with an
annular array, according to known methods.

[0114] The delay corrections T,(t) introduce a frequency
mixing, which move all the linearly scattered power to the
line 621 in FIG. 6b, centered around w=0 because the delay
corrections in Eq.(17) also removes the Doppler off-set w4
as described below. The frequency mixing of the delay
corrections also moves the nonlinearly scattered power to
line 622 centered around w=w,,4/2.

[0115] The nonlinearly scattered signal can hence be
obtained after delay corrections as

k-1
(=1 (03 1+ 740)
=0

(19)
Zn(

[0116] where the summation represents a band-pass filter
around /2 which for example with hy(t)=1 takes the form

Hy(w) = e“"’“”“’/”’mf sin Kaw [ wps (20)
n r

COS AW [ Wpyf

[0117] where other values for hy(t) produces modifications
to this filter, for example to the filter indicated as 610 in FIG.
6b.

[0118] The linear combination in Eqs.(17,19) give one
signal output in the slow time domain, where it is clear to
anyone skilled in the art to modify the equations as FIR or
IIR filters that produces a set of output signals in the slow
time domain similar as to discussed in relation to Eqgs.(14,
16). Such sets of signals in the slow time domain would be
used for further Doppler processing of the signals in the slow
time domain, to form Doppler velocity or strain images of
the tissue and blood according to known methods.

[0119] To estimate the delay corrections we can according
to one embodiment of the invention, divide the received
time/depth interval T into shorter time intervals {T,, i=1, .

, I} that possibly overlap so that TSX.T,, and we estlmate

optimal delay corrections for each interval T; separately. The
power of z,(t) in T; is then given by the functional

) )
Jli:f dt| 2,0 = Ry (T = 7))
. Z i

! ]

@n

i
Ryt — i) f drxk(t + T‘/()xl\ r+7y)
T

i

[0120] and the delay corrections are estimated by maxi-
mizing I,; with respect to T;,. Examples of maximizing
procedures are given below.

[0121] The nonlinear self distortion of the high frequency
pulse described in FIG. 1 in relation to Eq.(6), produces a
harmonic conversion drop in the 1*" harmonic high fre-
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quency band with propagation distance. This conversion
drop is slightly different for negative p, than for positive p,,
producing small differences in the amplitude of the linearly
scattered 1% harmonic high frequency signal from tissue for
positive and negative p,. Also, inaccuracies in the transmit
amplifiers can make it difficult to transmit the specified
amplitudes exactly providing amplitude inaccuracies in the
received signals. For improved suppression of the linearly
scattered high frequency signal in Eq.(19), we can let h, vary
with k so that the power in z, (t) is minimized over each
interval T;. Such h,’s can for example be found by mini-
mizing the power in z, (t) in each interval with respect to b,
after delay corrections of the signals. This reduces to mini-
mizing the following functional

Jyi = 22

) ) )
f di] 2,0 * —/\;Z = E i BNy (i — T ) —/\iz 1,
7 & 3
Tl

)i )i
Nyt =) = (=D Ry(ry = )

[0122] Examples of a minimizing procedures are given in
Eqgs.(53-56). The variation in h, also take care of variations
in the transmit amplitude of the high frequency components
when the amplitude and/or polarity and/or phase and/or
frequency of the low frequency pulse change between
transmitied pulses. The delays T, are then efficiently
obtained by maximizing J,;, while the h,’s are obtained by
minimizing J ..

[0123] The maximization of J;; estimates an average delay
correction for each interval T;. For best correction according
to Eq.(17), one should assign these delay estimates to a point
inside the corresponding intervals T;, and produce an inter-
polated delay correction estimates T, (t) at each sample point
of the fast time t between these selected points. The selected
points can for example be the center of the intervals or the
point of gravity of the power in the received signals in the
corresponding intervals, or similar. Several methods of
interpolation can be used, such as linear interpolation, spline
interpolation to any degree, and Fourier interpolation.

[0124] The linearly scattered signal from blood in the lines
605 and 606 of FIG. 64, will in the delay correction process
move to 623 in FIG. 6b, in the same manner as the linearly
scattered signal from the tissue, after which it can be
processed according to well known Doppler processing
methods. For the reverberation signal in 607, the frequency
mixing of the delay corrections produces a spread of the
energy to a line 624 centered at —w,, and a line 625 centered
at w2~y

[0125] The reverberation noise will introduce errors in the
estimation of the corrections for the nonlinear propagation
delays by the maximization of J,; in Eq.(21), and frequency
shift mixing of the delay corrections will introduce rever-
beration noise in the same slow time frequency band as the
nonlinear scattering after the delay corrections (line 625)
and hence introduce noise in the nonlinear scattering signal
estimate for example according to Eq.(19). The image
signals described in Eqgs.(24-30) below will therefore be
more influenced by pulse reverberation noise than the image
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signal based on Egs.(14,16). The 2™ harmonic component of
the received high frequency signals will have substantial
suppression of reverberation noise as discussed in relation to
FIG. 2. With strong reverberation noise it can be advanta-
geous to use the 2" harmonic components of the back
scattered signals in Eq.(21) for estimation of the nonlinear
propagation delays, and then apply the delay corrections on
the 1% harmonic components for estimation of the nonlin-
early scattered signal as above. The methods described in
U.S. Pat. No. 6,485,423 and U.S. Pat. No. 6,905,465 can also
be useful in conjunction with the current invention for
reducing influence of pulse reverberations in the estimation
of the nonlinear delays.

[0126] Below, we shall also show a 3", Eqs.(40-42), and
a 4™ Egs.(43-46), method according to the invention where
the effect of the pulse reverberation noise is suppressed
directly in the estimation of the propagation delays. Before
we discuss these methods we shall see how we can extract
multiple image parameters signals with the 2°¢-4* method
of the invention.

[0127] The maximization of J;; with Z,_ as presented in
Eq.(17), introduces delay corrections for both the nonlinear
propagation time lag and the average Doppler time lag
produced by object/trasnducer displacement in the interval
T,. The reason for this is that the summation filter as in
Eqs.(17,18) has a slow time frequency response with a
maximum for w=0, and the maximum of J; is found when
all the linear energy is shifted to centered around w=0. With
a slow time low pass filter with a flat response around w=0,
and strong attenuation around m,¢#2, one could have a
maximum of J;; that yields only the nonlinear propagation
delays where the linearly scattered energy of lines 602 and
603 is moved to the filter pass band, without correction for
the Doppler delay. However, such a filter is difficult to make
with the limited number of slow time pulses used for each
radial image line, and hence we get most robust estimation
by using a low pass filter with a defined maximum at w=0.
The delay correction estimation then represents total propa-
gation delay as the sum of the nonlinear propagation delay
and average Doppler displacement delays (or Doppler delay)
of the relative movement between object scatterers and
transducer.

[0128] As noted in relation to Eq.(17) we can estimate
K-1 nonlinear propagation delays, i.e. one less than the
number of signals. With three or more signals, accurate
estimation of the delay corrections for the signal modeled in
Egs.(11-13) and a filter with maximal frequency response at
w=0, then gives the error free delay corrections as the total
propagation delays which are the sum of the nonlinear
propagation delays and the Doppler delays

Te(D=(= 1) T(D+2v, () Tpetklc=(-1) (1) 4kt (23)

[0129] where T,=2v (1)T,,/c is the Doppler displacement
delay due to radial scatterer displacement 2v (1)T ¢ between
transmitted pulse complexes. The Doppler phase shift and
Doppler frequency can be found as

Par(B)=—01 (T (471 (1))/2= (2k- Dy T/2 a)
D=1l =P 1. O} Tpue=—01 T/ Tpr=—200, v, () b)(24)
[0130] This Doppler estimate is interesting to determine

the radial displacement (from the phase in Eq.(24a)) and
velocity (from the angular frequency in Eq.(24b) of tissues,
for example the myocardium, as well as the radial strain and
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strain rate as the radial gradient of the radial displacement
and scatterer velocities. To estimate the Doppler shifts of
scatterers in clutter noise, like blood or other body fluids,
one would first use a clutter high pass filter before the
Doppler estimations, as described in FIG. 12 and known
according to prior art. An estimate of the mechanical strain
of the scatterers along the radial beam direction can be
obtained from the differential of ¢, (t) along the fast time.
Similarly one can obtain an estimate of the radial mechani-
cal strain rate of the scatterers from the differential of w (1)
along the fast time.

[0131]
=) O Y2121 @9

[0132] As the estimation of T, contains errors, one can
reduce the estimation error by averaging Egs.(24,25) over
neighboring k. With lateral movements of the scatterers or a
fast mechanical sweep of the ultrasound beam, there might
be an inherent variation of T; ;. with k due to exchange of the
tissue material in the beam from pulse to pulse, where one
should limit number of pulses (k) to average over.

The nonlinear propagation delay is found as

[0133] As py(r) can be determined from apriori measure-
ment due to the low absorption of the low frequency pulse,
one can from the nonlinear propagation delays estimate a 1**
quantitative nonlinear imaging parameter, representing the
nonlinear forward propagation properties of the material.
The increment in the delay corrections between neighboring
intervals T, represent a nonlinear forward propagation
parameter that can be written as

T: (26)
5T‘,k ST —Ticlk =— 7,3nial<ia Poix

[0134] where P,;, and Kk;, are spatial averages over the
range interval corresponding to T,, and p,, 1s the average
amplitude of the low frequency component in the same
range interval corresponding to transmit pulse no k. The 1%
quantitative nonlinear image parameter/signals (nonlinear
propagation image parameter) is then obtained from Eq.(26)
as

2075k @7
— = Buiokia
T; poik

np; =

[0135] A2 signal to be used for imaging according to the
invention, is the envelope a, (r) of the nonlinearly scattered
signal z, (2r/c) of Eq.(19). This envelope is related to the
nonlinear scattering parameters of the material as

lr) = Bk 2] O~k poGresol 26 [ dsuo} 2
) 0

[0136] where v, (r) is bandpass filtered around 2k, as
discussed in relation to Egs.(2,9) and averaged laterally
together with the amplitude of the low frequency pulse p,
across the high frequency beam profile for range r. The
exponential term describes the absorption attenuation of the
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high frequency ultrasound pulse in the tissue, and is com-
pensated for by the user adjustable time/depth gain com-
pensation G(r) in the ultrasound instrument.

[0137] The absorption factor can be found by comparing
with the envelope of the linearly scattered signal after delay
corrections, z, (t) of Eq.(17), which is related to the linear
scattering parameters and the ultrasound absorption in the
tissue as

” 29
a1r) = Envac 2/ ) ~ Kon (G () expl -2 f asuw)
0

[0138] where v,(r) is bandpass filtered around 2k, and
averaged laterally across the high frequency beam profile for
range r as discussed above.

[0139] When py(r) is known, for example through calcu-
lations or measurements as described above, we can com-
bine the signals in Eqs.(28,29) to obtain a 2°¢ quantitative
nonlinear image parameter signal, the quantitative nonlinear
scattering parameter/signal, of the tissue as

) o el (30)
ST acnpen T )
[0140] This adjusted time shift then holds the propagation

information of f; K;, averaged over the local interval T,
whereas the nonlinear scattering signal z (t) holds infor-
mation of local, spatial fluctuations in K in the interval T;.
One can also use the interpolated values of T;, along the fast
time to T(t), and let Eqs.(26,27) represent differentiation
along the fast time samples to present a smoother version
np(t) of the nonlinear image parameter np;. Similarly, one
can assign the values of np; to points inside the intervals T,
and interpolate the values between these points for presen-
tation of the image, similar to described for interpolation of
the propagation delay above.

[0141] The methods of reducing the pulse reverberations
as described in relation to FIG. 2 and Eq.(14) are useful in
conjunction with methods of estimating corrections for wave
front aberrations, for example as described in U.S. Pat. No.
6,485,423, U.S. Pat. No. 6,905,465 and US. Pat Appl
10/894,387, to reduce the destructive effect of reverberation
noise on the aberration correction estimation. For the aber-
ration correction one would use an ultrasound transducer
array with a two dimensional distribution of elements, and
the corrections are applied to each element signal before the
final summation in the beam former, or in many situations
one would combine the signals from neighboring elements
into sub-aperture signals, where the aberration corrections
are applied to the sub-aperture signals before the final beam
summation, and not to the individual element signals
directly. Best results in estimation of the aberration correc-
tions are obtained when the suppression of the pulse rever-
beration noise is applied to all the element (or sub-aperture)
signals before the estimation of aberration corrections, but it
can also be applied to the summed beam signal as the effect
of the pulse reverberations are reduced in correlations
between the element signals and the summed beam signal,
as described 1in the cited patents.
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[0142] Writing the spatial variation of the ultrasound
propagation velocity as ¢, (r)=c,+Ac, (1), where ¢, is the
constant propagation velocity assumed (~1.54 mm/usec)
when calculating the beam former delays according to
assumptions of a homogeneous material, we can approxi-
mate the wave front aberration delay as

ds Acga(s) 31
Tap() == -
Ty €0 €0

[0143] where 1 is the element position vector on the array
surface of the actual clement or sub-aperture, r, is the
position vector of the beam focus, and I'(r,ry) is ray path
from the element center r to the focus ;. There is a strong
correlation between variations of mass density and com-
pressibility between materials, which according to Eq.(3)
implies that there is a correlation between variations in the
compressibility and variations in the propagation velocity as

A 32
) BB Ha(s)— Broko) = ~ B D) —npg)

Co

[0144] where {3 is a proportionality constant that is deter-
mined from experiments and we note that p_ i _=np is the
quantitative nonlinear propagation parameter in Eq.(27),
now estimated for each element or sub-aperture signal
defined by the location r on the array surface. oK, and
np are the spatial average parameter for all elements and
delay intervals. Inserting this expression into Eq.(31), we
obtain an approximate estimate for the aberration correc-
tions as

1
Ta0) = = ) 0pi(0) = 1)

i

[0145] the last sum is independent of r. This estimate can
also be used as a starting estimate for the procedures given
in the above cited patents and patent applications.

[0146] The variation of np;(r) with r is mainly produced by
the propagation through the body wall, and as it is the
variation of T_,(r) with element or sub-aperture location r
that produces the aberrations, one gets good results by
summing for intervals i in Eq.(33) slightly past the body wall
only. In this near field region it is possible to design the low
frequency field so that py(s) is approximately constant in the
body wall for each element, so that it can be taken outside
the integral for 7(r) in Eq.(10). We then see that we can relate
the aberration correction delays directly to the nonlinear
propagation delays past the body wall, and subtracted the
spatial average of 1), T,,,, across all the elements, i.c.

avg?

Be (34
pavg([) (T(Z) h Tavg)

Tap(¥) = =
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-continued

ds )
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(

I(r,R,) C0a (5)

[0147] where p,.(r) is the spatial average of the low
frequency field py(s) along the propagation path I'(t,R,)
from element location r through the body wall with thick-
ness Ry.

[0148] The nonlinear parameter 3, becomes very low for
hard materials as does the compressibility k. Therefore, in
particular, at interfaces between soft tissues and harder
tissues, for example tissues with high density of connective
fiber molecules, calcifications, or other high density mate-
rials, the nonlinear scattering becomes strong. Similarly do
one get strong nonlinear scattering at interfaces to softer
materials such as fat, foam cells, and especially micro gas
bubbles in the tissue where the nonlinear scattering is further
enhanced as described below. The nonlinear imaging hence
enhances the visualization of such structures. The invention
is therefore useful to visualize micro-calcifications in soft
tissue, for example for imaging of tumors in the breast and
other tissues, or atherosclerotic plaque, which is difficult to
visualize with current ultrasound imaging methods. Also,
with less dramatic changes in material compressibility, as
the compliance decrease with in-growth of connective tis-
sue, or compliance increase with in-growth of fat or foam
cells, the nonlinear parameters estimated with these methods
give increased image contrast for the tissue changes, com-
pared to current imaging. The image parameters in Egs.(27,
30) then allows for quantitative assessment of the tissue
changes.

[0149] For micro gas bubbles, either formed spontane-
ously with decompression, or injected into the object as
ultrasound contrast agent, the bubble scattering dynamics is
described by a differential equation, providing a resonant
scattering with a frequency dependent phase lag between the
incident and the scattered wave, contrary to scattering from
tissue where the frequency variation of this phase lag is very
low. The low frequency pulse manipulates the micro-bubble
diameter (small diameter with positive p,, and large diam-
eter with negative p,), and hence the micro-bubble reso-
nance frequency. This manipulates the phase lag of the
scattered signal for the high frequency pulse, in addition to
the amplitude of the scattered signal. The manipulation is
particularly strong for high frequency pulses in the neigh-
borhood of the micro-bubble resonance frequency as
described in U.S. Pat application Ser. No. 10/851,820 filed
May 21, 2004.

[0150] The corrected nonlinear signal z, (1) for example
according to Eq.(19) then contains close to all of the high
frequency scattered power from the contrast agent bubbles
(both linear and nonlinear components). For scattering tissue
that contains micro gas bubbles, the present invention there-
fore significantly increases the CNR (Contrast to Noise
Ratio) relative to existing methods of imaging of such
bubbles by extracting close to the total scattered high
frequency signal power from the micro-bubbles, in particu-
lar the strong linear components and not only nonlinear
components. Corrections for the low frequency pulse
switching of the nonlinear propagation delays provide a
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suppression of the linearly scattered power from the tissue
providing a large CTR (Contrast to Tissue Ratio). The
method hence separates nonlinear forward propagation
effects from local, nonlinear scattering and utilizes the local
manipulation of the frequency variation of the phase of the
scattered signal from micro-bubbles to obtain strong, local
signal from micro-bubbles with strong suppression of the
local tissue signal.

[0151] This is different from current methods of contrast
agent imaging, where the nonlinear propagation produces an
accumulated effect on the forward propagating pulse that
also enhances the linear scattering from the tissue in the
detection process, so that this linear signal from tissue masks
the signal from micro-bubbles (and also the nonlinearly
scattered signal from the tissue).

[0152] When the pulse passes through a cloud of micro-
bubbles, these will provide increased, accumulative nonlin-
ear propagation lag on the forward propagating pulse, and
also nonlinear variation in the pulse amplitude, a phenom-
enon that increases the need to correct for the nonlinear
propagation delays and variations in pulse amplitude to
obtain good suppression of the tissue signal beyond the
cloud. The current invention therefore has strong advantages
above known methods of micro-bubble imaging. For
example, with harmonic imaging the increased, accumula-
tive harmonic distortion for a pulse that passes through a
cloud of micro-bubbles is found as strong harmonic com-
ponents in the linear scattering from tissue beyond the cloud.
This for example can provide strong harmonic scattering
from the myocardium for a pulse that has passed through a
cloud of contrast agent in the ventricle, masking the scat-
tered signal from contrast agent micro-bubbles in the myo-
cardium. This effect can falsely indicate blood perfusion in
aregion of myocardium with very low or no perfusion. With
the current method, the effect of a cloud of micro-bubbles in
the ventricle on the forward propagating pulse is removed
for scattering from the myocardium past the cloud by the
corrections for the nonlinear propagation delays. The inven-
tion separates the local nonlinear scattering from the accu-
mulative nonlinear forward propagation effect, and hence
safeguards that one measures the local nonlinear scattering
that greatly prevents such false indications of non-existing
micro-bubbles in the myocardium.

[0153] Relative to nonlinear harmonic imaging methods,
the present invention can use a more broadband transmit
pulse and will hence achieve a higher image range resolu-
tion. In addition, a higher imaging frequency can be used,
resulting in a significant increase in both lateral and range
resolution relative to other methods of imaging contrast
agents. The performance of the present invention is less
sensitive to the amplitude of the imaging pulses compared to
harmonic imaging methods. Together with the indicated
suppression of received tissue signal with resulting increase
in CTR, this facilitates high resolution non-destructive
detection and imaging of single contrast agent bubbles with
low Mechanical Index (MI).

[0154] The improved sensitivity and high resolution imag-
ing of ultrasound contrast agent has strong potentials in
imaging of changes in micro-vasculature, for example neo-
angiogeniesis or necrosis in tumors, or reduced blood per-
fusion in the myocardium where some standard methods of
using inflow time of contrast agent has been developed. The
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quantitative parameters in Eqs.(27,30) provide quantitative
information on the contrast agent density in the tissue, and
hence provide an improved assessment of the relative vol-
ume of the micro vasculature. By destroying the contrast
agent bubbles in a region and measuring the inflow time, one
can obtain quantitive values for blood perfusion through the
tissue, according to known principles. The high sensitivity,
high resolution imaging of contrast agent is also useful for
tracing of lymphatic drainage to find sentinel lymph nodes
in tumor surgery.

[0155] AsEgs.(27,30) give imaging parameters that do not
depend on absorption in the tissue, one can use these tissue
parameters to characterize the tissue (for example fat con-
tent), and particularly determine the local variation of the
propagation velocity with temperature based on experi-
ments. This can be used to monitor changes in tissue
temperature with thermal treatment of diseased tissue, for
example high intensity focused ultrasound (HIFU), RF
ablation, or cryo-surgery. The temperature can be monitored
from changes in the quantitative parameters, but also from
changes in the propagation velocity which causes time lags
between the back scattered signals from image to image as
the temperature is changing. Radial gradients in this time lag
determines the local temperature.

[0156] As the local linear scattering of the high frequency
pulse is not influenced by the low frequency pulse, it is
implied that variations of the amplitude and/or the phase
and/or frequency of the low frequency components between
transmitted pulses other than that shown in FIG. 3, can give
a similar result in suppressing the body wall pulse rever-
berations to obtain a linearly scattered signal with reduced
reverberation noise, and suppression of the linear back-
scattering to obtain the nonlinearly scattered signal, as
above. For example, the low frequency part of the 2™ pulse
in FIG. 3b could be missing, or the high frequency pulses do
not have to ride on the exact positive crest or negative trough
of the low frequency pulses. This flexibility is important
because the phase between the two frequency pulses can due
to diffraction and misalignment of radiation surfaces of the
transducer arrays for the low and the high frequency com-
ponents vary with the propagation distance along the beam.

[0157] The low and the high frequency bands of the
transmitted pulses are often so widely separated that one can
prefer to use separate transducer arrays to transmit the two
bands of the pulse. Such arrays can be made as concentric
rings with different resonant frequencies, where the beams
from the arrays automatically overlap, or the arrays can be
mounted by the side of each other with skewed crossings of
the beams.

[0158] When we use two different arrays for the low and
the high frequency components, with beams that overlap in
a skewed direction, the phase relationship between the low
and the high frequency pulses can have a strong spatial
dependency, depending on the geometric arrangement and
the dimensions of the two radiating array surfaces. An
example arrangement according to the invention of separate
low and high frequency transducer arrays radiating along the
z-axis is shown in FIG. 8a, where 801 shows the high
frequency array and 802 shows the low frequency array
composed of two parts on each side of the high frequency
array. The Figure can for example show a cross section
through a linear array arrangement where the y-axis is the
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elevation direction, normal to the azimuth scan-plane which
is the x-z plane normal to the y-z plane. The Figure can also
represent the cross section of an annular array arrangement
with the z-axis as the radiation axis, where 801 shows the
cross section through the high frequency annular array, and
802 shows the cross section through a low frequency annular
element. Both the linear and the annular arrangements
exhibit different propagation delays for the low and the high
frequency arrays that must be carefully addressed in the
array design and signal processing to take full advantage of
the basic physical effects behind the invention.

[0159] The boundaries of an example low frequency beam
are shown as 803, whereas the boundaries of the high
frequency beam are indicated as 804. We note that we have
a near-region 805 in front of the array where there is limited
overlap between the low and the high frequency beams,
hence providing particularly strong suppression of the body
wall reverberations of the outgoing pulse with the methods
described in relation to Eqs.(14,16) and FIG. 7.

[0160] We further note that the propagation distance from
the low frequency array to a scatterer close to the z-axis is
larger for the low frequency pulse than the high frequency
pulse, depending on the geometric dimensions of the low
and high frequency arrays.

[0161] The axial low frequency field at the point 806 at z
and angular frequency wy=ck; is

e*ikoRn(Z) _ B’ikORla(Z) (35)
H{(2)Py = e — FPy
= Do koR @R ()2 sin kO(RlO;Z) - Ri(@)/2 FP,
-z

[0162] where P, is the transmit pressure on the array
surface, R, _(z) is the distance 807 from the outer edge of the
low frequency array to 806 on the z-axis and R,,(z) is the
distance 808 from the inner edge of the low frequency array
to 806. The phase term represents the average propagation
lag

(36)

1
(Rio(2) +2)

1
7i(z) = Z—Co(Rlo(Z) +Ri(@) T2 = 7o

[0163] where T,(z) is the propagation lag from the low
frequency array to 806 and t,(z) is the propagation lag from
the high frequency array to 806, where R (z) is the distance
809 from the outer edge of the high frequency array to 806.
In addition to the propagation phase lag, one will encounter
changes in the sign of the sine term in Eq.(35) as part of the
phase of H;(z) and is found as steps of +x when a zero in the
sine term is passed. As 810 in FIG. 8b is shown the
difference in phase lag between the low frequency field and
the propagation lag of the high frequency field, given as

A8, (2)=-L{H,(2) }-005Ty(2) 37

[0164] asa function of z for a typical geometry with a high
frequency aperture D, =7 mm, with inner and outer parts of
the low frequency aperture D ;=10 mm and D, =15 mm. A
drop in the phase lag of m is found at 811 (z~6.6 mm) as the
difference propagation phase A6, (z)=w,(R,.(z)-R;(2))/2¢,
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between the outer and inner boarders of the low frequency
array passes zero, which produces a change from -1 to +1
in the sign of the sin term in Eq.(35). The amplitude of low
frequency field H,(z) is shown in un-scaled log values as
812, and we note that a zero in the amplitude coincides with
the n-shift in the phase. Zeros in the field are found when the
difference in the phase propagation lag between the outer
and inner edges of the array to the field point is an odd
number of 7, with a production of a step 7 in A6 ,(z).

[0165] For comparison is also shown as 813 the difference
in phase propagation between the low frequency and the
high frequency arrays, given as

AP (=00 (v (2)-T(2)) (38)

[0166] We note that AO,(z) follows A¢,(z) before the —n
step at 811 and follows with a difference of m thereafter. Due
to the large and z-dependent propagation phase lag between
the low and the high frequency arrays, one will get a
z-dependent relative position between the high and low
frequency pulses. For example, a high frequency pulse that
originally starts at the top ridge of the low frequency pulse
shown as 814, slides towards the bottom trough of the low
frequency pulse at 815 when the phase lag A8,(z) has
changed m, and so forth.

[0167]
Pol$)=P|H (s)|cos A0,(s) (39)

[0168] into Eq.(10) with B,=5, K,,=400-10""% Pa~*, and
¢,,=1540 m/s, we get with P, =50 kPa a nonlinear propa-
gation lag shown as 816 shown in FIG. 8c. Because the
phase lag AB,(z) (810) varies several it along the z-axis in
FIG. 8b, we get a highly oscillatory nonlinear propagation
delay in 816 with a maximal delay of T, =2 nsec. If we do
not delay correct for this nonlinear propagation delay, we get
a maximal suppression of the linear back scattered signal of
2 sin(w, T, )~-18 dB for f;=10 MHz.

[0169] Forimaging of contrast agent, one would generally
use higher low frequency pressure p,, say p,~200 kPa,
which would give T, =8 nsec in the above example and
reduce the suppression of the linearly scattered high fre-
quency signal by 2 sin(w, T,,,.)~—0 dB for f;=10 MHz, even
with the large sliding of the phase relation between the low
and the high frequency components as found in this design
example. Hence, an amplitude of 50 kPa for the low fre-
quency pressure is very low, but can provide interesting
imaging of contrast agent and other micro gas bubbles in
special situations. It is hence possible to enhance contrast
agent signal to some degree without corrections for the
nonlinear propagation delays, provided the arrays are
designed so that an oscillatory variation of the nonlinear
propagation delays as in 816 is found. We should note that
when the high frequency pulse is close to zero in the low
frequency oscillation, the nonlinear scattering and forward
propagation effect is low. This effect can be avoided by using
different phases between the low and high frequency com-
ponents in consecutive transmit pulses, which would shift
the spatial location where the high frequency pulse is found
close to a zero in the low frequency oscillation. Zeros in the
amplitude |H,(s)| of the low frequency field can be shifted in
space by changes the low frequency center between con-
secutive transmit pulses. Also, due to the width of the high
frequency beam, one will also pick up signal from outside
the axis where |H =0, and the pulse is composed of a

Inserting a pressure
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frequency band which averages zero points for many fre-
quencies. The amplitude zeros can be avoided by reducing
the width of the low frequency array, which would however
also lower the pressure amplitude to drive voltage ratio for
the array.

[0170] However, to extract nonlinear scattering from other
tissues, like from micro-calcifications, and produce quanti-
tative tissue parameters, it is necessary to use higher low
frequency amplitudes, where it becomes mandatory to cor-
rect for the nonlinear propagation delays in order to suppress
the linear scattering and extract the nonlinear scattering.
This is also the case for utilizing the method to suppress
pulse reverberation noise as discussed in relation to FIG. 7.
Also, with less oscillatory variation of the nonlinear propa-
gation delays one have strong benefits of correcting for the
delays for detecting micro gas bubbles even with low
amplitude of the low frequency pulse.

[0171] Often one would select a design of the low and high
frequency radiation apertures so that one gets minimal delay
sliding between the low and high frequency pulses, to
maximize the nonlinear manipulation of the scattering and
propagation parameters for the high frequency pulse along
the whole image range. This is necessary to produce a
monotone increase of the nonlinear propagation delay as
shown in FIG. 4. To avoid the m-shift of the phase in 810
(and corresponding zero in the amplitude) one must use
smaller width of the low frequency elements (ie. less
difference between R, and Ry;), and to further reduce the
sliding in the phase between the low and the high frequency
pulses, one must pull the low frequency radiation surface as
close to and possibly also overlapping the high frequency
radiation surface. However, for many applications one can
live with an oscillatory behavior of the nonlinear propaga-
tion delays and even utilize it to get low nonlinear propa-
gation delays as in FIG. 7¢, or shift from pulse length
compression for the near to mid field to a pulse length
expansion for deep ranges to lower the frequency and
improve sensitivity as discussed in relation to FIG. 2.

[0172] To reduce the effect of the pulse reverberation
noise on the estimation of the corrections for the nonlinear
propagation delays, as well as in the nonlinearly scattered
signal, one can in a 3™ method according to the invention
transmit more than two pulses with more than two different
amplitudes and/or phases and/or frequencies of the low
frequency pulse. As a first example according to the inven-
tion where there is no movement between the scatterers and
the transducer array (i.e. zero Doppler displacement), we for
example transmit low frequency pulses with amplitudes +p,,
0, —p, where the high frequency pulse follows close to the
peak or trough of the low frequency pulse as for example
shown in FIGS. 3a and 3b. The received high frequency
signals from the three pulses can then in interval T, be
wrilten as

V1 (O)=x, (BT +x, (T +7(E)

P2O=x, (O +1(D)

Yo 0=, (=) =X, (t=T)+r(D) (40)
[0173] where x,(t) is the linearly scattered signal, x,(t) is
the nonlinearly scattered signal with amplitude +p, of the
low frequency pulse, 1(t) is the reverberation signal for the
high frequency pulse, and —v; is the nonlinear propagation
delay for the high frequency pulse when it propagates on the
positive ridge with pressure +p, of the low frequency pulse.
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With one embodiment according to the invention, we form
combinations of these three signals as

2 (D=5 (0)-y, (O=x, (5T)-x, (7))

2=y (02 (O=x (-0 -2, (- (41
[0174] where x; (t;7;)=x,(t)-x,(t+T,) is a combination of
the linearly scattered signals. The combinations have
removed the pulse reverberation noise from z,(t) and z,(t),
and as the amplitude of the nonlinearly scattered signal is
much lower than for the linearly scattered signal, we have
approximately z,(t)=z,(t=t,), and we can for the interval T;
determine the delay correction t; by maximizing the follow-
ing functional

Ji= f delo(t-1) + 2 0F @
T;

[0175]

[0176] When T, is estimated, we can solve the linear and
the nonlinear scattering signal components from Eq.(41), for
example through Fourier transforming Eq.(41) in the fast
time that produces a set of linear equations in X; (w) and
X (w).

[0177] The essence of the above procedure is that three or
more pulses with three or more levels of manipulation of the
nonlinear propagation delay allows us to combine the mea-
surements to provide at least two signals where the pulse
reverberation noise is highly suppressed, and these new
signal can be used for estimation of the delay corrections.
With the procedure as described, the difference between the
amplitudes of neighboring low frequency pulses must be
constant, giving a nonlinear propagation delay for each
signal that is a whole multiplum of one delay. With a
constant radial movement between the transducer array and
the scatterers that produces a constant Doppler delay
between the received signals for each pulse, we have a
fourth unknown to estimate, which requires that we transmit
at least four pulses with different amplitudes of the low
frequency pulse, or one can use 5 pulses with the 3 ampli-
tudes of the low frequency pulse as in Eq.(40), where by
maximization of a signal power in the same way as in
Eqgs.(21,42) we estimate combined nonlinear propagation
and Doppler delays. The nonlinear propagation and Doppler
delays can then be separated in operations like in Egs.(24,
25) where the details to such and similar procedures can be
worked out according to the invention by anyone skilled in
the art.

[0178] However, T; itself must be estimated from combi-
nations like Eq.(42), or the equivalent in the Fourier trans-
form, and as z, and z, contains both the linear and the
nonlinear scattering signal, the nonlinear scattering signal
will introduce an error in the delay correction estimate,
albeit very low, that in turn introduces an error in estimation
of the nonlinear scattering signal, in the same way as the
estimations given in Egs.(17-22).

[0179] The fundamental reason for this error is that we for
stationary objects have four unknowns: The linear scattering
x4(1), the nonlinear scattering x,(t), the pulse reverberation
noise r(t) and the nonlinear forward propagation delay T(t)
(Stationary tissue with no Doppler delay). As t(t) has a slow

with respect to T;.
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variation with t, we can approximate it as constant over the
time interval T; as above. For most accurate estimation of all
four unknown, one should have at least 4 measurements, for
example with the four levels +p,, +po/3, —po/3, —p, of the
low frequency pulse to give

Vi) =x(t+ 1) +x,(04+ 7)) +7(D) 43)
) 1
vty =x(t+7,/3)+ 5xn(z+ 7:/3) +r(t)

1
»=x-7/3)- 3= /3)+r(@)

Y4l =21 = 7)) = Xt = 7))+ 1(D)

[0180] One could then eliminate r(t) as in Eq.(41) to
produce 3 signals z,(t), z,(t), and z4(t), and determine T; to
align all these signals with maximization of a functional
similar to Eq.(42). The influence of x,(t) in the estimate of
T, will be lower than with 3 measurements, but the error it
introduces is not completely eliminated.

[0181] A better approach according to a 4™ method of the
invention, that decouples the influence of x,(t) on the
determination of T, is found through the Fourier transform of
Eq.(43) over the interval T; where T(t) can be approximated
by the constant T, which gives an over-determined set of
linear Equations of the form

Y(w)=A(om)X(0) 44
[0182] where X(m)T={Y1((1)), Yz(w)> Y3((1)), Y4(U))}>
X(m)'={X,(0), X (@), R(w)}, and A(ot) is a 4x3 dimen-
sional matrix obtained from the Fourier transform of Eq.(43)
according to known methods. With such an over-determined
systern, one can find the X(w) that provides the best approxi-
mation in the least square sense using the pseudo-inverse of
the matrix A(wt,) as

X(0)=(A%4)AFY 4%5)
[0183] where A™(wt,) is the Hermittian transpose of

A(wt). T; can flow be estimated from a minimization of the
error in the least square adaptation

0Y(w) =Y - Awr)X(w) (46)

= (I - Alwm)A (1)Alr) A% (1) )iw)

[0184] with respect toT;, a process often referred to as total
least squares. This method provides a systematic procedure
to utilize at least four measurements with at least four
different levels of the low frequency pulse to estimate all the
four unknowns, especially the nonlinear propagation lag,
with highly reduced influence from pulse reverberations and
the nonlinear signal, while in many situations the methods
described in relation to Eqs.(17-22 and 40-43) provide
adequate results. We also note that the amplitude of the low
frequency pulses can be set arbitrary so that the nonlinear
delays for the different pulses can be set as t;=k;T, where k;
is ratio of the low frequency amplitudes to a reference and
t is the nonlinear propogation delay with this reference that
is estimated according to the procedure above.

[0185] We also emphasize that methods according to this
structure provide estimates of the linearly and nonlinearly
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scattered signals (and also the pulse reverberation noise)
with minimal influence from the pulse reverberation noise
and in principle full decoupling between the linearly and
nonlinearly scattered signal estimates. With this method one
will hence use the estimated x,(t) to represent the 1%
imaging signal of linear scattering with strong suppression
of the pulse reverberation noise as Eq.(14) with the 2™
method, and the 3™ imaging signal of the linear scattering as
in Eq.(29), while the estimated x, () represents the 2 image
signal from nonlinear sacttering as in Egs.(19,28), and both
are further used in the calculation of the 2*¢ quantitative
nonlinear scattering parameter in Eq.(30), where the esti-
mated nonlinear delay t is used for estimation of the 1
quantitative nonlinear parameter in Eq.(27).

[0186] We can as for the previous methods add a constant
Doppler delay T, between the received signals for each
transmitted pulse complex, which also gives us 5 unknown
as X, (m), X (w), R(w), T, and t,. These can be estimated
from the received signals from 5 transmitted pulse com-
plexes, for example with the amplitudes (+p,, +p./2, 0,
—Po/2, =py) of low frequency pulses and the same amplitude
of the high frequency pulse by minimization §Y in Eq.(46)
with.

[0187] The above discussion then gives a general outline
on how to handle even more complex situations that pro-
duces more unknowns to be estimated. For example, we can
have uncertainties in the amplitudes of the transmitted low
frequency pulses, for example as +p,, +a;po/3, —a,po/3,
-a.p, for Eq.(43) where the vector a=(a;, a,, a5) represents
unknown variations in the amplitudes. These uncertainties
will both influence the amplitude of the nonlinear scattering
and the delays in Eq.(43) and we see that we get 7
unknowns, i.e. X (w), X (), R(w), T, a;, a,, and a; which
means that we have too few measurement equations for
adequate determination of T in the minimization of 8Y in
Eq.(46). We therefore must add new measurements with
careful instrumentation so that the number of amplitude
uncertainties is minimized. For example one can with care-
ful instrumentation possibly have only one uncertain ampli-
tude a with 5 transmit pulses and amplitudes of the low
frequency pulse as (+po, +apy/2, 0, —apy/2, —py) which gives
5 unknowns X,(w), X, (w), R(w), T, 4, i.c. the same number
as equations where a minimization of 8Y in Eq.(46) will
provide all 5 unknowns with no Doppler delay.

[0188] The nonlinear manipulation of the scattering and
propagation parameters for the high frequency pulse by the
low frequency pulse can produce favorable results also with
tomographic computer image reconstruction from transmis-
sion and angular scattering measurements of the tissue, for
example with an instrumentation as illustrated in FIG. 94. In
this FIG. 901 shows a cross section of the object, enclosed
in a ring ultrasound transducer array 902 with transducer
elements 903 mounted around the whole object. An inter-
mediate acoustic coupling medium 904 can for example be
water or other fluid. A group 905 of elements is freely
selected amongst the whole group for transmission of an
ultrasound beam 906 whose direction through the object,
denoted by the unit vector es, can be scanned in all directions
through the object by selecting different groups of transmit
elements from the whole group of elements. In the forwards
direction ¢, the pulse hits the ring array at 907 with a forward
propagation lag which is a modification of Eq.(10) as



US 2005/0277835 Al

1r(e) = fosle) + 7(2a; €;) “n
forles) f ds

e.)=
T (2aze; C0a(S)

f

Qa5 ;)= - f
TfQae)

d Pral8)Koa () po(s)
§——
Coals)

[0189] where T'((2ase;) is the forward propagation path
along the beam axis across the whole diameter 2a of the
array. The propagation delay with zero amplitude of the low
frequency pulse is tot while the nonlinear delay produced by
the low frequency pulse is given by T. The received signal
at 907 will first be the transmitted pulse followed by a tail
of multiply reflected pulses. However, with reference to
FIG. 7, the multiply scattered signal will have a much lower
nonlinear time lag T, and can be heavily suppressed com-
bining at least two received signals with variations in the
amplitude and/or phase and/or frequency of the low fre-
quency transmitted pulse along the lines described above.
When the high frequency pulse is found at the spatial
gradient of the low frequency pulse as shown in FIG. 1, the
co-propagation of the pulses produces the high frequency
pulse compression as discussed in relation to this Figure, and
suppression of pulse reverberation noise can then be done
with frequency filtering, preferably sliding as discussed in
relation to FIG. 2. For deepest penetration, one can design
high and low frequency radiation surfaces so that the high
frequency pulse location in relation to the low frequency
pulse slides to provide a pulse expansion with reduced
frequency, as discussed in relation to FIG. 2. Examples of
such radiation surfaces with an analysis of the effects that
produce sliding is shown in FIG. 7 and its accompanying
discussion.

[0190] According to the methods of computer tomography
reconstruction, one can use the delay without the low
frequency pulse, t,,, to find the propagation velocity c,,(r)
where 1 is the spatial coordinate in the plane. Adding a low
frequency pulse and measuring the nonlinear propagation
lag T, then allows for reconstruction of B, ,(r)ky,(r). Using
the amplitude of the forward propagated pulse, one can also
reconstruct the spatial variation of the absorption in the
tissue. Moving the scan plane in the vertical direction then
allows for 3 D imaging of the object. All these reconstructed
images will have a spatial resolution limited by the trans-
mitted beam width, as the pulse delay and amplitude is an
averaging over the whole beam, whereas the model in
Eq.(47) assumes all delays confined to the beam axis. A
similar model would be used for the absorption.

[0191] Improved resolution can be obtained by also using
the angularly scattered signal, in methods referred to as
diffraction tomography, reflective tomography, inverse scat-
tering tomography, etc. On elements at an angular direction
to the transmitted beam direction, for example 908 in FIG.
9a,b defined by the angular direction of the unit vector ¢_
from the array center, one will observe angularly scattered
signals as a function of time from different depths along the
transmitted beam. The high frequency pulse that is scattered
from a depth r at 909 along the transmitted beam will first
propagate along the path I'; shown in FIG. 96 from 910 to
909 together with the low frequency pulse with high ampli-
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tude, and from 909 to 908 along the path T, together with a
low frequency pulse of negligible amplitude due to the
amplitude reduction in the scattering process. The total
propagation time lag from 910 to 908 then gets the form

e, “3)

irie;,e) =t g, e) +7(r; ;)

nirie,e)=
ds

jljf(r;g‘- Wlsine;e )COG(S)

ks

1
—(r o P2+ 2a(r+a)l +ee)) )
Coa

7(r; €)= —f dsﬁim ($)koal$)pols)
T rlne; Coals)
[0192] where we in the last expression for to has assumed

a constant propagation velocity ¢, along both I';and .. As
discussed in relation to FIG. 7 the multiply scattered high
frequency signal is less influenced by the low frequency
pulse, so that by combining two or more high frequency
signals with different amplitudes and/or phases and/or fre-
quencies of the low frequency pulse, one can heavily sup-
press the pulse reverberation noise. Similarly, one can use
the frequency sliding of the high frequency pulse by the low
frequency pulse as described in relation to FIGS. 1 and 2 to
suppress pulse reverberation noise. It is also clear to anyone
skilled in the art, that other arrangements of the transducer
elements than those specific shown in FIG. 9 can be used to
obtain the same result of computerized tomographic recon-
structions.

[0193] The delay corrections that maximizes functionals
J . of the types shown in Eq.(21) and similarly Eq.(42) can
for example be found from differentiation illustrated for
Eq.(21) as

i )i (49
0]1; _ BRkp(T[p—T;k) . aRpl(T,'l—T;p) =0
o e N
k i
p=1..,K-1
[0194] where the total number of delays are K-1 per the

discussion in relation to Eq.(17). Due to the Hermittian
symmetry of R,,' this equation can be modified as

)} (50)

al; DR (T3 = Tip) _ Kol

7, 0p=1,...

=2ReZ

!

Ty,

[0195] where Re denotes the real part of the sum. Noting
that 8x,(1+T;,)0t;,=0x,(t+T;,)/0t, we can rearrange Eq.(50)
to
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I

[0196] where z,(t) is the signal in Eq.(17) delay corrected
with T, As we do not have an analytic expression of R,
the delays that satisfy this set of equations must be found
numerically, for example through the following iteration
scheme

(52

Tipg+l =

92140 )
Tipg + fdt Re{x t+T‘M)—j} gl = Z X+ Tigg)
T X

i

[0197] where q denotes the iteration step-number and  is
a gain factor that is adjusted to assure convergence of the
iteration.

[0198] The minimization of J ; in Eq.(22) with respect to
hip can be done by equating the derivatives to zero, i.c.

Ay

)i )i (53)
= E BN (Tip = Tig) + E BN (7o = Tip) = 2, = 0
ip
&

dh
[

[0199] Due to the Hermittian symmetry of N, this equation
transformed to the following eigenvector equation

) I
Z Re{N 2(Tit = Tip)}hil = Aihy,

!

(54)

[0200] The minimum of J ; is then given by the eigenvec-
tor with the smallest eigenvalue A,. Introducing the expres-
sion for the correlation matrix in Eq.(22) allows rearrange-
ment of Eq.(54) to

(55)

Ay = (-1 f d Re{))c;(t+r,-k)z)n;(t)}
. .

[0201] where z,(t) is the signal in Eq.(19) delay corrected
with 1,,. Hence, the correction amplitude is found through
correlation between the RF element signals and the delay
and amplitude corrected high pass filter output RF signal
where hy is involved. Eq.(55) can then be solved in an
iterative procedure, for example as

. * 56
hipg+1 = (—Upf dt Re{ﬁ)fp(H' Tik )%m',q([)} e
T

i
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-continued
K-1
qu (-1 qu (t+7y)
k=0
Hipge1
higgr1 =N~ pj
E‘o [ g o1 P
[0202] We have in the above analysis used the complex

analytic representation of the signal that can be obtained
from the received RF signal by the use of the Hilbert
transform as in Eq.(11). Approximations of the Hilbert
transform is given in Eq.(71). It is also clear to anyone
skilled in the art, that the above analysis can be modified to
operate on the received RF-signals as the real part of the
analytic signal.

[0203] For the procedures in Egs.(52,56) it is natural to
start the estimation for the interval T, at the lowest lag,
followed by estimation in consecutive intervals. One then
uses the estimated delay corrections T, filter amplitudes h;,
for the preceding interval as the initial values in the iteration
procedures for each new interval, starting with T, (=0 and
h; =1 as initial conditions for the first interval. An added
advantage of using the estimated values for the preceding
interval as initial conditions, is that when the step in the
phase ,dt;, associated to the delay is less than =m/m,
between each interval, one is able to track delays with
associated phases |w,; T |>>m over the whole depth range.

[0204] When the bandwidth of the signals is sufficiently
low, and the delays are less than a period of the center
frequency, the following approximations are adequate

k(0 oD

L) ) i
i iw X (D) @) X (1 +Ty) = 2157 X+ T2 b)

[0205] where in Eq.(56b) we have split the delay correc-
tion as

Ty = 0Ty + T

(58)

[0206] where T, is an estimate or approximation to Ty,
where we for example below will use T;,=T; . Eq.(57b)
hence represents a combination of phaée deléy with the
phase w,81,,, and true delay with T,,_ of the an estimate of T,
Improved accuracy of this approximation is obtained by
bandpass filtering the signals around o, to reduce the band-
width of x",(t). Introducing the approximations of Egs.(57)
modifies Eqs.(51,52) as

. (59)
Re{fdl))c (t +Tm)6zh([)} —w Im{f dl))cp(l-%—r‘-ﬁ)z)“(l,)}z
T
T i

i
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-continued

—wy Im{e—iwl ‘ﬁip

) )
r drx, (t+ -rf,’f)zl,-(t)} =0

Jr,

[0207] Equating the last expression to zero, allows us to
calculate dt;) as

1 )’ o) (60)
0Ty, = —1L drx (1 +7;)71; (1)
P (423} T: P "

i

[0208] where £{} denotes the phase angle of the complex
expression. This gives the following iterative equation for
the amplitude and delay con-ections

1 N ) (61)
Tipgil = Tipg + (U_lL{ fT : dlxp([+ T;p,q)zliyq(t)}

) ) .
Z1iglt) = Z Xt + Ty g)
X

[0209] where one would typically start the iteration with
T, =T with Ty, ,=0 as initial conditions for the first
interval.

i-1,p

[0210] With the approximation in Eq.(57), we can develop
the maximization of the power in Egs.(17,21) into an
eigenvalue problem. We use the split of the delay as in
Eq.(58), which gives

3l = (©2)
Z ()~ Z 19 1 4 To1i) = Z Sz + Ti-Lk)
k k k
S = eiw;ér‘-k
[0211] The functional in Eq.(21) is modified as
Jy = (63)

I, Lo )
f il P -0 ) Isul?= Z SicsinBin =N s |
T n

i 4 on

i

)
Ry = f AR+ T )X T+ Tim1 )

T

[0212] Maximization of J; with respect to the amplitude
and phase of sy, gives s;, as the solution to the following
eigenvalue problem
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(64)

[0213] for the largest cigenvalue A,. The maximum of J;
is found by best possible alignment of the component signals
so that optimal correction delays are found from the phases
of the eigenvector components. The components of the s,
vectors defined in Eq.(62) all have unity module, while the
components of the eigenvectors in Eq.(64) generally will
have modules different from unity because the magnitude of
J,; can be further increased by putting different weights on
different component signals. The phases of the eigenvector
components will then give the delay corrections that maxi-
mizes the power in Egs.(17,62). We note that the matrix R
is Hermittian, ie.

Ry = (RE)Y.

[0214] This implies that the eigenvalues are real, and the
eigenvectors form a complete, orthogonal basis for Cy, the
complex K-dimensional space.

[0215] The accuracy of the approximation in Eq.(57) and
hence the eigenvector solution in Eq.(64) improves by
reducing the bandwidth of the signals. The Fourier transform
of the partial sum signals at w, provides so strong band pass
filtering that the differentiation in Eq.(57a) and the phase
delay in Eq.(57b) becomes exact. However, to avoid that the
phase delay exeeds the fundamental range of =m, it is still
advantageous to split the delays as in Eq.(58), which gives

. ) . )
Zii(w) = )| € X (wpe UL = Y sy Y w)
k k

(63)

Sik = £

[0216] One can then determine the delays by maximizing
the functional

) ) ) ) (66)
Ji = 1 Zy() " =4 E [su 17 = SiSim R = Ai g [si |
T T
km

! ) )
ka = yik (@)Y ()

[0217] The maximization will lead to an eigenvalue prob-
lem for each frequency, similar to Eq.(64), where the delay
corrections are found from the phases of s,.. As the phase
delay for the Fourier transform is an accurate representation
of a true delay, Eq.(65) is fully accurate as opposed to
Eq.(62) where the phase delay is taken only at the center
frequency.

[0218] A bulk of the analysis above is based on availabil-
ity of the complex analytic RF element signals and further
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processing of this to the corrected receive signal. The
calculations can be simplified through the following exer-
cises, where we note that the phase in Eq.(60) can be
calculated as
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[0224] where the approximation of the Hilbert transform
through delaying the signals m/2w; is adequate for narrow
band signals centered at ;. Combining Egs.(71,72) we get
the simplified expressions

5ty = (67)
o f) ) ) A f)
_Ltan,l fT‘ dt((Re{xp(t+T,-,l_p)}lm{zl,-(t)}— Im{xp(t+T,-,1_p)}Re{z1,-(l)})
o fT dt(:Re{J)cp 1+ T;,l,p)}Re{z)U(t)} + Im{x)p(t + ri,l,,,;;}lrn{éli(z)})
[0219] The integration over T, is an estimate of the fol- e
lowing ensemble expectation values dixp(t +Tiogp) H{z1i (0} )
St m — ol 2T
[ AT AL (69) e Jrdeolt+ 7 )z

[0220] where <*> denotes ensemble averaging, and A(t)
take the following forms

Ai(D) = Relx, (74 7 )mizy; (D) Ai(r) = I, (74 72 p)Refzs (0} (69)

Ai(0) =Relxy(t + 7oy p)IRelzri(} Ai) = Imdxp (1 + 73y p )M mizy; (O}

[0221] The approximation in Eq.(68) turns to equality as
T,->00 where for finite T; one will have a random estimation
error of the ensemble averages, which is the reason for the
approximation sign in Eq.(68). From signal processing text-
books we find that

Refx, ( + 72 ))mizy; (0D = —Imix, ( + 7y ) Refzii0) 70

Relxp (7 + 7im1,p)Refz1 (D) = (Il (7 + 7 1,p)}Imiz; (D))

[0222] For finite T;, the random estimation errors produce
the following approximations

fr dr Re{))cp(t + T;,Lr,,)}[m{l)li([)} v

8Ty~ ——tan ' =
ip ©

! fr di Re{))cp(t + T;,Lp)}Re{Z)u(f)}

i

f dr Im{.\)fp 1+ T[*l,p)}Re{z)li([)}

(
T
(

f dr Re{.’)fp l+T;71,p)}R6{Z)1;(I)}

i

1

1
~ —tan
Wi
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[0223] We further note that

Relx, (D)} = x,(1) Relzyi(0)} = z21:(0

Imfx, (D} = HOxp (0} = X0 — 7/ 2w1)  Im{zg; (0} = H(zyi (D} = 2050 — 7 2001)

f dixy(t+ 71y )it — 7/ 20;)
T

VT
an
] fr‘_d[xp([ +Tio p)zilD)

[0225] In thisexpression, the Hilbert transform or its delay
approximation operates only on the corrected high-pass filter
output, and hence only have to be done on one signal,
simplifying the operations. A similar expression could be
developed from the last part of Eq.(71), but there the Hilbert
transform or its delay approximation must be done on
received signals x(t), which requires more processing.
Some reduction in estimation variance can be obtained by
combining the first and last expression in Eq.(71) along the
lines of Eq.(67).

[0226] We also note the following relations
Re{x,(}Imiz; (D) = (Refx, ()} Imiz (D} (74)
= ~{Im{x,(D)}Relz; (1))
[0227] which allows that the above operations on the

analytic signal can be substituted by operations on the
complex envelope, where its real and imaginary parts are
found as the in phase and the quadrature components of
standard quadrature demodulator output signals as described
above.

[0228] With a continuous, mechanical sweep of the ultra-
sound beam it is also interesting to use Infinite Impulse

72)
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Response (IIR) low-pass and high-pass filters, where an
example 1% order lowass filter can be described as

2k (1) = @12ig-1 (0 + @22 (1 + Ty) 7
T Ty
A T Ty T T oy
[0229] where T is the filter time constant with cut-off

frequency w_=1/T, the subscript k denotes the pulse number
as before, and the image signal z; (1) is updated for each new
transmit pulse. The same equation structure holds for the
analytic signal and its complex envelope.

[0230] A recursive scheme of estimation of the correction
delays T, for each new transmitted beam is now developed.
We assume that ;| are given for m up to k—1. With the new
transmitted beam no k with the received signal x,(t) one then
wants to estimate the delay corrections t;,. This estimation
is then typically done through minimizing the functional
where we have used the analytic signal approximation for
simplicity

76
Ji = rfilsz(f)z"k(f) e
Jr
[0231] Differentiation with respect to T, gives
al; Ox(trry) (7
m = szRe{Llezik l\l‘)} =0

[0232] Inserting the approximation in Eq.(57) we get

al;
m = —ZQozwllrnﬁ dte 19T K (+Tiig)
i ;

78

(@121 (1) + @22 T+ T3)
= —2(,02(4)111’11 dr{wl Biiwl&"k X,):l:[ + Tifl,k:'zi,k—l([) +
i

@aln 1+ 7,0} =0

[0233] As the last term under the integral is real, equality
of the above expression is found when

1 . (9
Sty = —L fldxk'f"’Tifl,k i-140)
w] T

[0234] Higher order high pass filters can be described in a
similar fashion with a vector state space representation of
the filters known to anyone skilled in the art. A recursive
estimation of T, along the lines shown above can then be
done by anyone skilled in the art.

[0235] For adequate suppression of the linearly scattered
signal, one needs a delay accuracy that is much lower than
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the sampling interval of the received RF signal in most
ultrasound imaging system. This accuracy can be obtained
through interpolation of the signal between the samples
according to known methods. Less, but often adequate
accuracy can be obtained by a combination of delay correc-
tion with the accuracy of the nearest sample

I+ 7y,

[0236] and a phase correction m,dt, In analogy with
Eq.(57) as

Xt + 7)) = &k g (1 4+ Ty) (80)

[0237] where

0Ty =Tip = Tik-

[0238]

[0239] The 1* method according to the invention
described in relation to FIGS. 1 and 2 can be implemented
as a modification of the receive filter found in most digital
scanners today, or the receive filtering can be introduced in
the radio frequency (RF) signal processing path. A block
diagram of a processing unit for estimation of the amplitude
and/or the delay corrections according to the 2°¢ or 3*
method according to the invention, together with image
parameters according to this invention as given in Egs.(14-
30, 40-42), are shown in FIG. 10. The received RF signals
x,(1) 1001 from consecutive transmitted pulse complexes are
fed into a slow time high pass filter 1002 to produce the
reverberation suppressed linear imaging signal 1003 accord-
ing to Eq.(14), and also to a memory unit 1004 to allow more
flexible processing of the signals. The received signals are
then fed to an amplitude and/or delay correction estimator
1005 that operates according to one of the methods pre-
sented above, or similar, to provide accurate estimates 1006
of the amplitude and/or the nonlinear propagation delay
corrections. The estimated amplitude and/or nonlinear
propagation delay corrections are fed to a correction unit
1007 that takes signals from the memory unit and provides
corrections for the amplitude and/or nonlinear propagation
delays. The corrected signals are then fed to a unit 1008 that
extracts the corrected linear signal 1009, for example
according to Eqs.(17,18), or direct solution of Eq.(40), or
similar, and a unit 1010 that extracts the corrected nonlin-
early scattered signal 1011, for example according to
Eqs.(19,20) or direct solution of Eq.(40), or similar. One
should note that when methods similar to Egs.(40-42) are
used for the estimations, the pulse reverberations have
minimal influence on the delay correction estimates, and
also on the estimates of the linear and the nonlinear scat-
tering signals.

[0240] The delay corrected linear (1009) and nonlinear
(1011) signals are then together with the estimated delay
corrections (1006) fed to a quantitative parameter estimation

The RF-signal is the real part of Eq.(80).
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unit 1012 that calculates the quantitative nonlinear propa-
gation parameters 1015 according to Eq.(27) or similar, and
the quantitative nonlinear scattering parameters 1016
according to Eq.(30) or similar. The delay correction unit
1005 can also present Doppler phases 1013, for example
according to Eq.(24), that are fed to a Doppler unit 1014 that
calculates the radial scatterer displacement 1017, radial
scatterer velocity 1018, radial scatterer strain 1019, and
radial scatterer strain rate 1020, or other parameter calcula-
tions. The signals 1003, 1009, 1011, 1015,1016, 1017, 1018,
1019, 1020 are then typically passed to further processing
and displays to generate full ultrasound images according to
known methods.

[0241] The 4™ method according to the invention
described in relation to Eqs.(43-46) operates more in a batch
mode to estimate the corrections for the nonlinear propaga-
tion delays and the linearly and the nonlinearly scattered
signal. Processors for such estimations can then be repre-
sented by the block diagram in FIG. 11, where 1101
represents the incoming measured signals x,(t) that are fed
to the amplitude and/or delay correction and estimation unit
1102, that produces as its output the linearly scattered signal
x,(t) as 1103, the nonlinearly scattered signal x (t) as 1104,
and the estimated corrections for the nonlinear propagation
delays T(t) and amplitude variations a(t) as 1105. We should
note with this method, the pulse reverberations and nonlin-
ear scattering signals have minimal influence on the estima-
tion of the delay corrections. The estimates of x(t), x,(t),
7(t), and a(t) are then fed to a quantitative parameter
estimation unit 1106 that produces the nonlinear propagation
parameter 1015, the nonlinear scattering parameter 1016 and
the radial scatterer displacement 1017, radial scatterer veloc-
ity 1018, radial scatterer strain 1019, and radial scatterer
strain rate 1020, or other parameter calculations.

[0242] The processing units can then be implemented both
for tomographic reconstruction methods based on transmis-
sion and angular scattering measurements as in FIG. 9 and
with back-scatter imaging instruments. A block diagram of
a back-scatter imaging instrument in its broadest sense
according to the invention, is shown in FIG. 12, where 1201
shows the ultrasound transducer array that has a high
frequency (HF) and low frequency (LF) section. In this
broadest implementation of the methods, the array has a two
dimensional distribution of elements, which allows full
electronic 3 D steering of the high and the low frequency
beams, referred to as 2 D array, and the instrument is also
capable of both estimating and correcting for wave front
aberrations. It is clear however that the methods can be used
with less complex arrays, as discussed below.

[0243] The high frequency part of the array can in full 3
D imaging applications have a large number of elements, for
example 3000-10,000, and the number of receive and trans-
mit channels are then typically reduced in a sub-aperture
unit 1202, where in receive mode the signals from several
neighboring array elements are delayed and summed to
sub-aperture signals 1203 for further processing. For aber-
ration corrections, the widths on the array surface of the
sub-aperture groups are less than the correlation length of
the wave front aberrations, where a typical number of
sub-aperture groups and signals could be 100-1000.

[0244] For transmission of the pulse complexes, the HF
transmit beam former 1204 feeds pulses to the sub-aperture
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unit 1202, that delays and distributes the signals to all or
sub-groups of HF-array elements, while the LF transmit
beam former 1205 simultaneously feeds pulses to the LF
array elements. The pulse complex transmission is triggered
by the instrument controller 1206, which communicates
with the sub-units over the instrument bus 1207.

[0245] The receive sub-aperture signals 1203 are fed to the
unit 1208, where the sub-aperture signals are delayed for
steering of receive beam direction and focusing under the
assumption of a homogeneous medium with the constant,
average propagation velocity, referred to as homogencous
delays. 3 D beam steering and focusing can also be done
with sparse arrays, where the sub-aperture unit 1202 could
typically be missing. With 1.75 D arrays, the number of HF
array elements can also be reduced so much that the sub-
aperture units could be left out. In the following we therefore
use element and sub-aperture signals synonymously.

[0246] The element signals that are corrected with the
homogenous delays, 1209, are fed to a unit 1210 where
corrections for the wave front aberrations are applied, for
example estimated as described in Eqs.(33,34) or according
to the methods described in U.S. Pat. No. 6,485,423, U.S.
Pat. No. 6,905,465 and U.S. Pat Appl 10/894,38, before the
element signals are summed to the final receive beam signal.
For 3 D imaging one would use multiple receive beams with
small angular offsets that covers a wide transmit beam in
parallel. The aberration corrections for the angularly offset
beams could be a side shifted version of the corrections for
the central beam, that are added together with the homoge-
neous delays for the angular offset in the unit 1210.

[0247] The output 1211 of the unit 1210 is hence one or
more RF-signals for one or more receive beam directions in
parallel, that is fed to the processing unit 1212 according to
this invention, that performs one or more of the operations
according to FIG. 2, and FIG. 10, and FIG. 11. We should
note for the operation according to FIG. 2, the high fre-
quency pulse is for the bulk of the propagation distance
found at the negative spatial gradient of the low frequency
pressure oscillation, while for the methods described in FIG.
10 and FIG. 11, the high frequency pulse is for the bulk of
the propagation distance found close to the peak or the
trough of the low frequency pressure oscillation.

[0248] The aberration corrections are estimated in the unit
1213, for example according to the methods described in
relation to the cited patents and patent applications and
possibly also utilizing methods based on Egs.(33,34). The
unit 1213 takes as its input the homogeneously delay cor-
rected signals 1209 and possibly also final beam signals
1214 with suppression of the pulse reverberation noise
according to this invention. The delay corrected element
signals 1209 are typically first processed with methods
according to this invention, typically the method described
in relation to FIG. 2 or Eq.(14) to suppress the pulse
reverberation noise before estimation of the delay correc-
tions. One should note that use of signal from moving
scatterers as for example found with blood or myocardium
and as prescribed in U.S. Pat. No. 6,485,423, would improve
the function of methods of suppression of pulse reverbera-
tion noise as described in relation to Eq.(14). The estimates
based on the nonlinear propagation delays for the individual
element/sub-aperture signals as given in Eqs.(33,34) also
represent interesting estimates themselves, and also as a
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starting point to for further estimations according to the cited
patents, both to focus the 1°* transmit beam and as starting
points of an iteration scheme.

[0249] When estimation of the corrections for the wave
front aberrations are based on signal correlations with the
beam-former output signal 1214 with highly suppressed
reverberation noise, the reverberation noise in the element
signals is uncorrelated to the beam-former output signal.
When slow updates of the aberration correction estimates
are acceptable, one can use so long correlation times that the
effect of the reverberation noise in the element signals on the
correction estimates can be negligible. However, the corre-
lation time is generally so low that it is preferable to also
suppress the reverberation noise in the element signals
before the estimation of the aberration corrections.

[0250] The outputs of the unit 1212 are the linearly and
nonlinearly scattered signals, the two quantitative nonlinear
parameters, and Doppler phase and frequency data, as
described in relation to FIGS. 10 and 11. These data can be
fed directly to the image construction and scan converter
unit 1216 that presents images of compressed and colorized
versions of the amplitudes of the linearly and nonlinearly
scattered signals, the quantitative nonlinear parameters/sig-
nals, and tissue radial displacements, velocities, strains and
strain rates based on the outputs given in FIGS. 10 and 11.
However, to measure the radial velocities of blood or
micro-bubbles, one must further process the linearly or
nonlinearly scattered signals in the slow time domain to
suppress clutter echo from tissue to retrieve blood signals for
Doppler processing according to known methods, which is
done in unit 1215. The outputs of this unit are fed to the
image construction unit 1216 to be selected and overlaid the
images of the other information. The unite 1216 feeds its
output to a display 1217.

[0251] TItshould be clear to any-one skilled in the art, that
many simplifications of the instrument as presented in FIG.
12 can be done while still utilizing essential aspects of the
invention in the instrument. For example one can have a
coarse division of elements in the elevation direction, which
would limit electronic direction steering of the beam in the
clevation direction, while one still can obtain corrections for
the wave front aberrations and dynamic focusing with depth
in the elevation direction. This is often referred to as 1.75 D
arrays and has much less total number of array elements than
2 D array for full 3 D steering of the beam, whereby the
sub-aperture unit could be removed. Sparse arrays are
another way to remove the number of elements so that it
becomes practical to remove the sub-aperture unit 1202.
However, the gain in using the sub-aperture unit is found as
long as the dimension of the sub-aperture group along the
array surface is less than the correlation length of the wave
front aberrations.

[0252] One could also remove the estimations and the
corrections for the wave front aberrations, i.¢. units 1210 and
1213, and still be able to do the processing in unit 1212 to
produce both linearly and nonlinearly scattered signals etc.
as described above. The array could then be further simpli-
fied where elements symmetrically around the beam scan
axis (the azimuth axis) is galvanically combined to further
reduce the number of independent channels by a factor 2,
often referred to as 1.5 D arrays. One could similarly use one
dimensional (1 D) arrays and also annular arrays with
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mechanical scanning of the beam direction, where the only
modification to the block diagram in FIG. 12 is the sub-
aperture unit 1202, the aberration correction unit 1210 and
aberration correction estimation unit 1213 are removed.

[0253] Hence, as one can want instruments with different
complexity, or selectable complexity, one also wants instru-
ments that can select between the different methods of
processing described above, for best performance according
to the measurement situation. The numbering of the methods
described above is related to an increase in complexity of the
methods, with subsequently an increase in the number of
pulses required per radial image line, and hence an increase
in time per image, which is the inverse frame rate. The
advantages and the drawbacks of the methods are:

[0254] 1. The 1°* method according to the invention,
described in relation to FIGS. 1 and 2, obtains the results
with a single transmitted pulse complex and provides sup-
pression of the pulse reverberation noise with 1% harmonic
sensitivity through radio frequency (RF) filtering of the
received signal in fast time in unit 1212 of FIG. 12. The
reverberation suppressed signals are further processed
according to known methods for tissue and Doppler imaging
of moving blood and tissue, and radial strain and strain rate
imaging of relative scatterer movement in units 1215 and
1216. The method does not provide nonlinear scattering
parameters or nonlinear propagation delay parameters, but
provides the highest frame rate of all the methods.

[0255] 2. The 2*® method is described in relation to FIG.
3-7 and Eqgs.(10-39) and uses two or more transmitted pulse
complexes for each radial image line with variations in the
frequency and/or phase and/or amplitude of the low fre-
quency pulse for each transmitted pulse complex. Through
combination of the received signals from several pulses one
obtains a 1* image signal with suppression of the pulse
reverberation noise and with 1% harmonic sensitivity, esti-
mation of the nonlinear propagation delays that gives a 2™
image signal representing nonlinear scattering from tissue,
micro-calcifications, and micro-bubbles, and a 1° and 2°¢
quantitative nonlinear image parameter. When three or more
pulses are transmitted one also obtain Doppler information
according to Eq.(24), that is highly useful for studying radial
movement and velocity, and radial strain and strain rates of
tissues, such as the myocardium. The processed 1° and 2
image signals can be used for amplitude tissue/object imag-
ing in unit 1216 and Doppler imaging of blood with clutter
noise filtering in unit 12135. For amplitude tissue imaging the
method gives lower frame rates than Method 1 above, as one
must transmit two or more pulse complexes per radial image
line, while with Doppler, strain, and strain rate imaging the
frame rates of the two methods are similar. When 1%
harmonic signals are used for estimation of nonlinear propa-
gation delays, the delay estimates will have errors produced
by the reverberation noise, while one can with less sensi-
tivity estimate nonlinear propagation delays from the 2°¢
harmonic component of the received signals which has
suppressed reverberation noise, or reduce the reverberation
noise in other ways, to obtain estimates of nonlinear propa-
gation delays with less errors produced by reverberation
noise. The nonlinear scattering will also produce small
errors in the delay estimates, which will influence the
accuracy in the estimates of the 2" image signal and the
quantitative nonlinear image parameters. However, these
errors have minimal reduction of the suppression of the
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linearly scattered signal in forming the 2™ image signal,
which is an important result. The invention also provides
guidelines for designs of dual band ultrasound transducer
arrays that produce an oscillatory variation of the phase of
the transmitted low frequency pulse relative to the high
frequency pulse with depth, for minimization of the maxi-
mal nonlinear propagation delays so that one for low ampli-
tudes (~50 kPa) of the low frequency pulse can estimate
approximate 2™ nonlinear image signals without corrections
for the nonlinear propagation delays.

[0256] 3. The 3** method is described in relation to
Eqgs.(40-42) and uses 3 or more transmitted pulse complexes
with at least 3 levels of frequency and/or phase and/or
amplitude of the low frequency pulse, to produce one
processed signal. The method eliminates the pulse rever-
beration noise before further estimation of the nonlinear
propagation delays, and obtains estimates of linearly and
nonlinearly scattered signals with strong suppression of the
pulse reverberation noise. The 1, Eq.(27), and 2", Eq.(30)
quantitative nonlinear 1image parameters/signals are
obtained as in Method 2. With 4 or more pulses one can also
estimate a Doppler delay between the signals from conse-
qutive pulses that is constant for each estimation interval T;,
similar to Eq.(24) for Method 2. This Doppler delay is
highly useful for studying radial movement and velocity, and
radial strain and strain rates of tissues, such as the myocar-
dium. For Doppler imaging of blood velocities where one
need a clutter filter to remove tissue clutter, the processing
would be done in unit 1215 as for the other methods. The
nonlinear scattered signal still introduces small errors in the
nonlinear delay estimates that will influence the accuracy in
the estimates of the 2" nonlinearly scattered image signal,
but as for Method 2 the errors will not reduce the suppres-
sion of the linearly scattered signal in the formation of the
2™ nonlinear image signal, which is an important result. The
method produces lower frame rates than Method 2.

[0257] 4. The 4™ method is described in relation to
Eqgs.(43-40) and uses 4 or more transmitted pulse complexes
with 4 or more levels of frequency and/or phase and/or
amplitude of the low frequency pulse, to produce one
processed signal of 1°* order linear scattering, 1% order
nonlinear scattering, and nonlinear propagation delays. The
1%, Eq.(27), and 2™, Eq.(30), quantitative nonlinear image
parameters/signals are obtained as in Method 2. With at least
5 transmitted pulse complexes with 5 variations of the
frequency and/or phase and/or amplitude of the low fre-
quency pulse one can also estimate errors in the low fre-
quency pulse phases and/or amplitudes, and/or Doppler
delays between the 5 transmitted pulses. This Doppler delay
is highly useful for studying radial movement and velocity,
and radial strain and strain rates of tissues, such as the
myocardium. For Doppler imaging of blood velocities
where one need a clutter filter to remove tissue clutter, the
processing would be done in unit 1215 as for the other
methods. The estimates of the nonlinear propagation delays
will have minimal influence by the pulse reverberation noise
and the nonlinear scattering, hence producing the most
accurate estimation of the nonlinear propagation delays, the
linearly and the nonlinearly scattered signals, at the cost of
the lowest frame rate of all the methods.

[0258] The invention devices an instrument that can oper-
ate according to at least two of the methods, with the ability
to select the best method for the needs, where the selection
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can be done under direct control of the operator, or the
operator can set constraints, where the instrument automati-
cally selects methods for best performance according to the
constraints under different operating conditions.

[0259] An example constraint set by the operator can be a
minimal frame rate, where for low depth ranges where it is
possible to use high pulse repetition frequency, one can use
the highest numbered method in the list above that still
meets the frame rate constraint to obtain best possible
performance with the needed frame rate. For larger depth
ranges where the pulse repetition frequency must be reduced
the instrument selects one of the former methods that still
meets the frame rate constraint albeit with poorer estimation
quality. Another example constraint is a combination of
frame rate and estimation quality, where increasing the range
for intermediate ranges the quality is dropped while the
frame rate is maintained, and for larger depth ranges the
frame rate is dropped while the quality is maintained.

[0260] The method selection could also automatically
depend on imaging modality, where for linear tissue imaging
of the heart one would use Method 1 with reverberation
suppressed image signals for highest frame rate, while for
studying movement in the myocardium the instrument could
switch to Method 2 with 2-4 transmitted pulse complexes
per radial image line, utilizing Eq.(24) for myocardial move-
ment. For imaging of blood velocities the instrument could
switch to Method 2 with 8-16 transmitted pulse complexes
per radial image line, using the processing in unit 1215. For
stationary objects like the prostate, the breast, the liver, etc.
one could typically choose Method 4 for best possible
estimation of the 1% order linearly and nonlinearly scattered
signals, the nonlinear propagation delays and quantitative
image parameters.

[0261] For tomographic reconstruction, the processing
according to this invention would typically be done on the
individual receive element signals, before the signals are
processed according to the reconstruction algorithms of
various kinds, where a block schematic of a typical instru-
ment for tomographic image reconstruction according to the
invention is shown in FIG. 13. The Figure shows measure-
ments with a ring array 1301, where it is clear for anyone
skilled in the art that other array configurations, also trans-
ducer arrays that would wholly or partly use mechanical
scanning to collect the data, could be used without departing
from the invention. The array surrounds the object 1302. A
unit 1303 selects a group of transmit elements, freely out of
all the elements, and generates a transmit pulse complex
composed of a low and a high frequency pulse overlapping
in time and for example as visualized in FIG. 1 and FIG. 3.
Transmissions of the pulse complexes are triggered by the
controller unit 1307 over the controller bus 1308. The unit
1304 selects receive elements, sequentially or in parallel or
a combination of parallel-sequential manner, from the whole
group of elements, and amplifies and digitizes the element
signals for further processing according to the invention in
the unit 1305. This unit operates according to the principles
according to the invention, for example as described in
FIGS. 1 and 2 for a single pulse complex per processed
signal, or FIG. 10 or 11, for multiply transmitted pulses per
processed signal. The processing in unit 1305 provides on or
more of the linearly scattered and transmitted signals with
substantial suppression of the pulse reverberation noise
(multiple scattering), nonlinearly scattered signals, and



US 2005/0277835 Al

quantitative nonlinear propagation and scattering parameters
that are forwarded to the unit 1206 that provides comput-
erized tomographic images of 2 D slices of the object. By
mechanically moving the array relative to the object in the
direction normal to the Figure, one obtains a 3 D recon-
structed image of the object.

[0262] Thus, while there have shown and described and
pointed out fundamental novel features of the invention as
applied to preferred embodiments thereof, it will be under-
stood that various omissions and substitutions and changes
in the form and details of the devices illustrated, and in their
operation, may be made by those skilled in the art without
departing from the spirit of the invention.

[0263] It is also expressly intended that all combinations
of those elements and/or method steps which perform sub-
stantially the same function in substantially the same way to
achieve the same results are within the scope of the inven-
tion. Moreover, it should be recognized that structures
and/or elements and/or method steps shown and/or
described in connection with any disclosed fonii or embodi-
ment of the invention may be incorporated in any other
disclosed or described or suggested form or embodiment as
a general matter of design choice. It is the intention, there-
fore, to be limited only as indicated by the scope of the
claims appended hereto.

[0264] We will in the claims use the following concepts:

[0265] Received signals which are the signals x,(t)
first introduced prior to Eq.(11), or its analytic form
x,(1) defined in Eq.(11), or its complex envelope
defined in Eq.(12,13).

[0266] Fast time, and slow time or pulse number
coordinate, is defined in relation to FIG, §.

[0267] Slow time filtering or filtering along the pulse
number coordinate is defined in relation to FIG. 6.

[0268] Pulse reverberation noise is defined in relation
to FIG. 7.

[0269] Tomographic reconstruction
defined in relation to FIG. 9.

[0270] Nonlinearly scattered signal is the nonlinearly
scattered signal from the high frequency pulse with
the linearly scattered components highly suppressed,
and defined in Eqs.(9,11-13,19, 40-46), or its ana-
lytic form, or its complex envelope defined similar to
that for x,(1).

[0271] Linearly scattered signal is the received signal
from the linear scattering of the high frequency pulse
in the tissue defined in Eqs.(9, 11-13, 17, 40-46), or
its analytic form, or its complex envelope defined
similar to that for x,(t).

imaging is

[OZZZ] Reverberation suppressed imaging signal, or
1 imaging signal, defined in Eq.(14, 40-46) or in
relation to FIG. 2.

[0273] Nonlinear propagation delays are defined in
relation to Eq.(10).

[0274] Total propagation delays is the sum of the
nonlinear propagation delays and the Doppler dis-
placement delays (Doppler delays) defined in rela-
tion Eq.(23).
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[0275] Delay corrections or corrections for nonlinear
propagation delays or the total propagation delays
are defined in Eqs.(10, 17-25 and 47,48).

[0276] 2™ image signal is defined in Eqs.(19,28) and
in Eqs.(40-46) as the nonlinearly scattered signal.

[0277] 3 image signal is defined in Eqs.(17,29) and
in Eqs.(40-46) as the linearly scattered signal.

[0278] Amplitude corrections are defined in relation
to Eq.(19, 22)

[0279] Estimation intervals T, are defined in relation
to Eq.(21, 42).

[0280] 1** quaantiative nonlinear imaging parameter,

or nonlinear propagation parameter, is defined in
Eq(27).

[0281] 2 quantitative nonlinear imaging parameter,
or nonlinear scattering parameter, is defined in
Eq.(30).

[0282] Recursive procedure is a calculation proce-
dure that is repeated for several steps, and where the
values of parameters are updated for each step in the
procedure. Defined in relation to Egs.(52,56,61,79)

[0283] Tterative procedure is the same as a recursive
procedure.
We claim

1. A method for imaging of ultrasound scattering and/or
propagation properties in a region of an object, where

a) at least one ultrasound pulse complex is transmitted
towards said region for each radial image line, said
pulse complex being composed of a high frequency and
a low frequency pulse overlapping in time and with the
same or overlapping beam directions, and where

b) image signals are formed in a process that utilizes the
nonlinear manipulation of the forward propagation
properties of the high frequency pulse by the low
frequency pulse.

2. A method according to claim 1, where one or both of

a) said high frequency pulse at least for a portion of the
image depth range propagates on the negative spatial
gradient of said low frequency pulse oscillation, and

b) the beams of said high and low frequency pulses are
arranged so that the phase relationship between the
high and low frequency pulses slides so with depth that
in one range said high frequency pulse propagates
along zero or positive spatial gradient of said low
frequency pulse oscillation,

so that improved resolution of said high frequency pulse
at deeper ranges is obtained, and improved frequency
separation of the pulse reverberation noise and the 1%
order scattered signal of the high frequency pulse is
obtained.

3. A method according to claim 2 where the received
signal from said high frequency pulse is filtered in the fast
time domain (depth time) in a filter that suppresses at least
lower frequencies and where at least the filter lower cut-off
frequency slides with depth to produce a 1°* signal repre-
senting the linearly scattered high frequency signal from the
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object with substantial suppression of pulse reverberation
noise at each image depth for further processing to form
image signals.

4. A method according to claim 3, where said lower
cut-off frequency varies with depth so that in the near field
the 2° harmonic band and in the far field at least parts of the
1°* harmonic band of the 1** order scattered signal is
extracted to form said 1% signal.

5. Amethod according to claim 1, where at least two pulse
complexes are transmitted towards said object with the same
or overlapping beam directions towards said region for each
image line, and where the frequency and/or phase and/or
amplitude of the low frequency pulse vary for each trans-
mitted pulse complex in the process of forming image
signals.

6. A method according to claim 5, where in the process of
forming image signals at least one of the following signals
are estimated

a 1* signal representing the linearly scattered high fre-
quency signal from the object with substantial suppres-
sion of pulse reverberation noise at each image depth,
and

a 2 signal representing the nonlinearly scattered signal,
and

a 3" signal representing the linearly scattered signal with
the same depth variable gain and ultrasound absorption
as said 2™ signal.

7. A method according to claim 6, where said 1°* signal is
extracted from the received high frequency signals in a
process that includes the steps of filtering along the pulse
number coordinate (slow time) to suppress low frequency
slow time components and let through higher frequency
slow time components.

8. A method according to claim 1, where high frequency
signals that have been angularly scattered from the object
and/or have propagated through the object are used for
tomographic image reconstructions of acoustic object prop-
erties.

9. A method according to claim 2 or 6, where high
frequency signals that have been angularly scattered from
the object and/or have propagated through the object are
processed for substantial suppression of the pulse reverbera-
tion noise, before being used in tomographic image recon-
structions of the acoustic object properties.

10. A method according to claim 5, where pulse to pulse
variable total propagation delays as a sum of Doppler delays
between pulse complexes and nonlinear propagation delays
produced by nonlinear manipulation of the propagation
velocity for the high frequency pulse by the low frequency
pulse, are estimated from the received high frequency sig-
nals from at least two pulse complexes, and the estimated
total propagation delays are used in the process of forming
image signals.

11. A method according to claim 10, where nonlinear
propagation delays are estimated explicitly through one of

a) the Doppler delays are zero due to no movement
between scatterers and transducer array, and

b) at least three pulse complexes with different amplitudes
of the low frequency pulse are transmitted and both the
nonlinear propagation delays and the Doppler delays
are separately estimated from the received high fre-
quency signals,
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and where the estimated Doppler delays and/or the non-
linear propagation delays are used in the process of
forming of image signals.

12. A method according to claim 6 and 10 or 11, where
said received high frequency signals are delay corrected
with one of said estimated total propagation delays and said
nonlinear propagation delays to form delay corrected
received signals, and said 2°¢ said signal which is an
estimate of the nonlinearly scattered signal representing
local nonlinear scattering parameters of the object, is
extracted in a process that includes the steps of combining
said delay corrected signals along the pulse number coor-
dinate (slow time) to suppress low frequency slow time
components of said delay corrected high frequency signals.

13. Amethod according to claim 12, where in addition to
said delay corrections the received signals are amplitude
corrected for maximal suppression of the linearly scattered
signal in the process of forming said 2™ image signal.

14. Amethod according to claim 13, where said amplitude
corrections are estimated from a minimization of the power
in said 2" image signal under the constraint that the ampli-
tude correction vector have a fixed norm.

15. A method according to claim 11, where a 1% quanti-
tative nonlinear image parameter/signal, which is a nonlin-
ear forward propagation image parameter/signal represent-
ing nonlinear propagation parameters of the object, is
formed as a combination of the differential along the fast
time of said estimated nonlinear propagation delays, and an
estimate of the local pressure amplitude of said transmitted
low frequency pulse.

16. A method according to claim 6 and 10 or 11, where
said received high frequency signals are delay corrected
with one of said estimated total propagation delays and
nonlinear propagation delays to form delay corrected
received signals, and said 3* signal which is an estimate of
the linearly scattered signal, is extracted in a process that
includes the steps of combining said delay corrected signals
along the pulse number coordinate to let through slow time
frequency components around zero and suppress other slow
time frequency components.

17. A method according to claim 6, where a 2™ quanti-
tative nonlinear image parameter/signal, which is a nonlin-
early scattered image parameter/signal representing local
nonlinear scattering parameters of the object, is formed by
combining the envelope of said 2™ signal, and the envelope
of said 3" signal and an estimate of the local pressure
amplitude of said transmitted low frequency pulse.

18. A method according to claim 11, where one from said
estimated Doppler delays estimates one or more of

the radial displacement of the object along the beam
direction as a function of depth along the beam, and

the radial displacement velocity of the object along the
beam direction as a function of depth along the beam,
and

the radial mechanical strain of the object along the beam
direction is estimated from the differential along the
depth range of said estimated displacement, and

the radial mechanical strain rate of the object along the
beam direction is estimated from the differential along
the depth range of said estimated displacement veloc-

ity.
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19. A method according to claim 15 or 17, where micro
bubble ultrasound contrast agent is injected into the object
and one or both of said 1% and 2" quantitative nonlinear
image parameters/signals are used for one or both of esti-
mation of relative micro-vessel volume in the object, and of
fluid perfusion through the object.

20. A method according to claim 2 or 6, where said 1*
signals with suppression of the reverberation noise are used
in the process of estimating corrections for wave front
aberrations.

21. A method according to claim 20, where at least the
high frequency ultrasound transducer array has a two-
dimensional distribution of elements, and where in some
implementations the received high frequency signals from
neighboring elements can be combined into sub-aperture
signals, and the element signals or sub-aperture signals are
processed according to claim 2 or 6, to provide new element
or sub-aperture 1* signals with substantial suppression of
pulse reverberation noise, and said new element or sub-
aperture 1% signals are used in the estimation of corrections
for wave front aberrations.

22. A method according to claim 21, where the nonlinear
propagation delays are estimated for said element or sub-
aperture signals and used in the process of estimating
corrections for wave front aberrations.

23. A method according to claim 2 or 6, where broad high
and low frequency beams are transmitted that cover multiple
parallel receive beams to increase the image frame rate in 2
D and 3 D ultrasound imaging, where 1*° signals with
suppressed reverberation noise are obtained for each of said
parallel receive beams.

24. A method according to claim 23, where the aberration
corrections for one transmit beam direction is estimated
using a highly focused high frequency beam, followed by
transmission of broad transmit beams with multiple parallel
receive beams to increase 2 D and 3 D frame rate, utilizing
aberration corrections for each receive beam derived from
the estimated aberration corrections obtained with the
focused transmit beam.

25. A method according to claim 10, where the whole
receive time interval T is divided into sub intervals T; that
are so short that the total propagation delays can be approxi-
mated as constant in each sub interval, and said total
propagation delays are estimated in a process that maxi-
mizes the power in each sub interval of the signal that is
obtained by delay correction of said high frequency signals
with said estimated total propagation delays and low pass
filtering said delay corrected signals in the slow time coor-
dinate.

26. A method according to claim 25, where said total
propagation delays are estimated for sub intervals in a
sequence, starting with the sub interval closest to the trans-
ducer array, and correcting the received high frequency
signals for an interval T, with the estimated total propagation
delays for the preceding interval T;_; before estimation of the
difference between the total propagation delays between
interval T; and T,_;, and obtaining the final estimate for the
total propagation delays for interval T; as the sum of said
estimated difference and the estimated total propagation
delays for interval T, ;.

27. A method according to claim 25, where improved
delay corrections are obtained by assigning the estimated
delay corrections for each interval to a point within each
interval, and said improved delay corrections are obtained
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through interpolation of the estimated delay corrections
between said assigned to points.

28. A method according to claim 25, where for accurate
determination of the delay corrected signal values for delays
not represented by a sample point, the received signal values
are interpolated between sample values.

29. A method according to claim 25, where for accurate
determination of the delay corrected signal values the
received signals are delay corrected with the closest sample
value and phase corrected with the difference between the
delay correction and the closest sample value.

30. A method according to claim 26, where the delay
corrections that maximize said power are found in a proce-
dure that includes the phase of the eigenvector for the
maximal eigenvalue of the correlation matrix over the actual
estimation interval T; of the received high frequency signals
corrected with the estimated delay corrections for the pre-
vious interval to the nearest sample.

31. A method according to claim 30, where said high
frequency signals are band pass filtered or Fourier trans-
formed before forming said correlation matrix.

32. A method according to claim 26, where the delay
corrections for the received high frequency signal from a
particular pulse in each interval are estimated in an iterative
procedure, and the correction in each iteration step is based
on an operation that includes the calculation of the correla-
tion function over said interval of said received high fre-
quency signal and said slow time low pass filtered signal, or
the fast time temporal derivative of said slow time low pass
filtered signal, and where all signals participating in the
correlation are corrected by the corresponding delay correc-
tion estimates from the previous step in the procedure.

33. A method according to claim 6 and 10 or 11, where the
received signals from a set of transmitted pulse complexes
first are combined to form a set of new signals with
suppressed pulse reverberation noise, and said set of new
signals are used to estimate said propagation delays, the
linearly scattered signal and the nonlinearly scattered signal
with strong suppression of the pulse reverberation noise, and
said 1° and 3" signals are set equal to said estimated linearly
scattered signal, and said 2™ signal is set equal to said
nonlinearly scattered signal.

34. A method according to claim 6 and 11, where at least
five pulse complexes are transmitted with different ampli-
tudes of the low frequency pulse, and measured received
high frequency signals are obtained for each transmitted
pulse complex, and the linearly scattered signal, the nonlin-
early scattered signal, and said nonlinear propagation and
Doppler delays are estimated from said received signals in
a procedure, where

a) the received signals are approximated by a signal
model that is a combination of the linearly scattered
signals, the nonlinearly scattered signals, and the pulse
reverberation noise, where said signal model is defined
by delay parameters representing the nonlinear propa-
gation and Doppler delays of said received signals, and

b) estimates of the linearly scattered signals, the nonlin-
early scattered signals, and the pulse reverberation
noise are determined as the signals that provide best
adaptation in a defined sense of the signal model to the
measured signals, for
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¢) the estimates of the nonlinear propagation and Doppler
delays obtained as the delay parameters that minimize
the error between said signal model and said measured
received signals, and

d) said 1°" and 3™ signals are set equal Lo said estimated
linearly scattered signal, and said 2°¢ signals set equal
to said estimated nonlinearly scattered signal.

35. A method according to claim 34, where estimates of
the linearly scattered signal, and nonlinearly scattered sig-
nal, and the pulse reverberation noise are found as the
estimates that provide best adaptation of said signal model
to said measured signals in the least square sense.

36. A method according to claim 34, where for known or
zero Doppler delays between transmitted pulse complexes,
one less, i.¢. at least four, ultrasound pulse complexes with
the given specifications are transmitted, and where only the
nonlinear propagation delay is estimated.

37. A method for imaging of ultrasound nonlinear scat-
tering properties in a region of an object, where

asequence of at least two ultrasound pulse complexes are
transmitted towards said region, said pulse complexes
being composed of a high frequency and a low fre-
quency pulse overlapping in time with the same or
overlapping beam directions, and where

the frequency and/or phase and/or amplitude of said
transmitted low frequency pulses relative to said high
frequency pulses vary between transmitted pulse com-
plexes to provide a nonlinear manipulation of the
acoustic scattering properties of said object for said
high frequency pulses that vary from pulse to pulse, and
where

said low and said high frequency pulses are generated
with separate ultrasound transducer arrays with spaced
apart radiation surfaces, so that the phase of said low
frequency pulses varies at least 7 radians relative to the
phase of said high frequency pulses throughout the
actual image ral10ge to produce a nonlinear propaga-
tion delay of said high frequency pulses by said low
frequency pulses that has a non-monotone variation
along the axis of the high frequency beam that limits
the maximal nonlinear propagation delay, so that

for low amplitudes of the low frequency pulse (~50 kPa)
one can suppress the linearly scattered high frequency
signal from the tissue and estimate the signal from
micro gas bubbles through a combination in the pulse
number coordinate of the received high frequency
signals from at least two pulses without corrections for
the nonlinear propagation delays in the fast time.

38. A method according to claim 37, where said trans-
ducer array for the high frequency pulse is a linear array and
said transducer array for the low frequency pulse is one of
one linear array mounted on one side of said high frequency
array, and two linear arrays mounted one on each side of said
high frequency array.

39. A method for imaging of ultrasound scattering and/or
propagation properties in a region of an object where the
object and the ultrasound transducer array move relative to
cach other, where

a sequence of at least three ultrasound pulse complexes
are transmitted with the same or overlapping beam
directions towards said region, said pulse complexes

31
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being composed of a high frequency and a low fre-
quency pulse overlapping in time, and where

the frequency and/or phase and/or amplitude of said
transmitted low frequency pulses relative to said high
frequency pulses vary between transmitted pulse com-
plexes to provide a nonlinear manipulation of the
acoustic scattering and propagation properties of said
object for said high frequency pulses that vary from
pulse to pulse, and where

image signals are formed through a filtering of the
received high frequency signals in the slow time
domain, said filters combining at least three input
signals for each output sample in slow time domain.

40. A method according to claim 39 where said slow time
filters are one of a FIR filter, and an IIR filter, and a filter
with time variable impulse response.

41. A method according to claim 15 or 17, where said
quantitative nonlinear image parameters/signals are used in
a process of monitoring local object temperature during
thermal treatment of the object.

42. A method according to claim 6, where said 1° image
signal is used to image high compliance objects like micro
gas bubbles that occurs spontaneously during decompres-
sion or are injected into the object as ultrasound contrast
agent.

43. A method according to claim 1, where imaging of
contrast agent micro bubbles is used to trace lymph drainage
to find sentinel lymph nodes.

44. A method according to claim 36, where said nonlin-
early scattered signal is used to detect and/or image high
compliance objects like fat or micro gas bubbles either
spontaneously formed during decompression of the object,
or injected into the object as an ultrasound contrast agent.

45. A method according to claim 36, where said nonlin-
early scattered signal is used to detect and/or image low
compliance objects like micro calcifications or connective
tissue in soft tissue.

46. A method according to claim 1, where the processing
includes the steps of suppressing the received low frequency
signal to extract the high frequency signal for further pro-
cessing, where the suppression of said low frequency signal
is done in a filter.

47. An ultrasound instrument for imaging a region of an
object, incorporating

a) means for transmitting ultrasound pulse complexes
composed of a high and a low frequency pulse over-
lapping in the time domain and with overlapping beam
directions,

b) means for receiving at least the scattered high fre-
quency signal, and

¢) means for processing the received high frequency
signal, where said processing provides at least one of

the 1°" harmonic components of the linearly scattered
signal from the object with strong suppression of the
pulse reverberation noise, and

a nonlinearly scattered signal representing local nonlinear
scattering parameters of the object, and

local nonlinear propagation parameters of the object, and

quantitative nonlinear propagation parameters of the
object, and
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quantitative nonlinear scattering parameters of the object,
and

corrections for wave front aberrations in the transmitted
and received beams, and

estimation of the corrections for wave front aberrations
using signals with suppression of pulse reverberation
noise according to claims 20-24, and

estimation of the corrections for wave front aberrations
utilizing the nonlinear forward propagation lag of the
high frequency pulse produced by the low frequency
pulse.

48. An instrument according to claim 47, where the
processing method is selected by the instrument controller
for best performance under constraints that are preset or set
by the operator.

49. An instrument according to claim 47, where a broad
beam is transmitted with multiple parallel receive beams and
processing, to increase the image frame rate for 2 D and 3
D imaging.

50. An ultrasound instrument for imaging a region of an
object through tomographic image reconstruction from
ultrasound angularly scattered and/or transmitted in the
object, incorporating

a) means for transmitting ultrasound pulse complexes
composed of a high and a low frequency pulse over-
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lapping in the time domain and with overlapping beam
directions in multiply angular directions through the
object,

b) means for receiving at least the angularly scattered
and/or the transmitted high frequency signal in the
object, and

¢) means for processing the received high frequency
signal, where said processing provides computer tomo-
graphic reconstructions based on at least one of the
signals

the 1°* harmonic components of the linearly scattered
signal from the object with strong suppression of the
pulse reverberation noise, and

a nonlinearly scattering signal representing local nonlin-
ear scattering parameters of the object, and

local nonlinear propagation parameters of the object, and

quantitative nonlinear propagation parameters of the
object, and

quantitative nonlinear scattering parameters of the object.
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