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ULTRASOUND CONTRAST IMAGING WITH MULTIPLE-PULSE EXCITATION WAVEFORMS

The invention relates to a method of ultrasound imaging
of organs and tissues by detection of ultrasound
backscattered from a region which may contain nonlinear
scatterers such as microbubbles used as a contrast agent,
the method comprising projecting an ultrasound beam to a
zone of tissue to be imaged, receiving the echo reflected
from the tissue as a radiofrequency response signal,
processing the radiofrequency response into a demodulated
video output signal, storing the output in a wvideo scan
converter, and scanning the tissue to produce a video image
of the region wunder investigation. The invention also
comprises a system for ultrasonic imaging of organs or
tissues which may contain nonlinear scatterers such as
microbubbles used as a contrast agent, the system comprising
an ultrasonic probe for transmitting and receiving
ultrasonic signals, signal processing means, means for
storing the processed signals and a display element. Use of
the system for imaging of organs, tissues and blood vessels
is also disclosed.

Background Art

Wide acceptance of ultrasound as an inexpensive non-
invasive diagnostic technique coupled with rapid development
of electronics and related technology has brought about
numerous improvements to ultrasound equipment and ultrasound
signal processing circuitry. Ultrasound scanners designed
for medical or other uses have become cheaper, easier to
use, more compact, more sophisticated and more powerful ins-
truments. However, the changes of acoustic impedance occu-
rring within the living tissue are small and the absorption
of ultrasound energy by different types of tissue (blood

vessels, organs, etc.) are such that some diagnostic appli-
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cations remain unmet challenges, despite these technical
developments. This situation changed considerably with the
development and introduction of administrable ultrasound
contrast agents. Introduction of contrast agents made from
stabilized suspensions of gas microbubbles or gas-containing
microparticles into the bloodstream and organs to be
investigated have demonstrated that better and more useful
ultrasound images of organs and surrounding tissue may be
obtained with wultrasound equipment. Thus, pathologies in
organs like the liver, spleen, kidneys, heart or other soft
tissues are becoming more readily recognizable, opening up
new diagnostic areas for both B-mode and Doppler ultrasound
and broadening the use of ultrasound as a diagnostic tool.
Recently, wultrasound techniques, i.e. scanners, elec-
tronic circuitry, transducers and other hardware and soft-
ware components are showing great progresses in their abili-
ties to exploit, to a fuller extent, the specific properties
of ultrasound contrast agents. This is made possible by the
vision by ultrasound instrument manufacturers of the vast
potential offered by these contrast agents towards more
accurate diagnosis, thanks to enhanced imaging capabilities
and quantification of blood flow and perfusion. Thus, what
was almost independent developments of these related seg-
ments of the field are now providing opportunity to draw on
synergies offered by studies in which the electronic/
ultrasound characteristics of the apparatus and the physical
properties of the contrast agent are combined. A few exam-
ples of such studies reported improvements from specific
agents/equipment combinations, such as harmonic contrast
imaging. These synergies are thus opening new areas of expe-
rimentation, innovation, and search of more universal me-
thods for producing greater tissue resolution, better image
and greater versatility of ultrasound as a diagnostic tech-
nique. There is no doubt that, provided their implementation

is kept relatively simple, these will be widely accepted.
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An attempt towards improved ultrasound imaging is
described in WO-A-93/12720 (Monaghan) which discloses a
method of imaging of a region of the body based on subtrac-
ting ultrasound images obtained prior to injection of a con-
trast agent from the images of the same region, obtained fol-
lowing administration of the contrast agent. Based on this
response subtraction principle, the method performs superpo-
sition of images obtained from the same region prior to and
after administration of the contrast agent, providing an
image of the region perfused by the contrast agent freed
from background image, noise or parasites. In theory, the
method described is capable of providing a good quality ima-
ges with enhanced contrast. However, in practice, it requi-
res maintenance of the same reference position of the region
imaged for a long period of time, i.e. long enough to allow
injection and perfusion of the contrast agent and mainte-
nance of an enormous amount of data. Therefore the practical
implementation of the method is very difficult if not impos-
sible. The difficulty is partly due to inevitable internal
body movements related to breathing, digestion and heart
beat, and partly due to movements of the imaging probe by
the wultrasound operator. Most realtime imaging probes are
commonly handheld for best perception, feedback and diagno-
sis.

Interesting proposals for improved imaging of tissue
containing microbubble suspensions as contrast agent have
been made by Burns, P., Radiology 185 P (1992) 142 and
Schrope, B. et al., Ultrasound in Med. & Biol. 19 (1993)
567. There, it is suggested that the second harmonic fre-
quencies generated by non-linear oscillation of microbubbles
be used as imaging parameters. The method proposed is based
on the fact that normal tissue does not display nonlinear
responses to the same extent as microbubbles, and therefore
the second harmonics method allows for contrast enhancement

between the tissues with and without contrast agent.
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Although attractive, the method has its shortcomings, as its
application imposes several strict requirements. Firstly,
excitation of the fundamental "bubble-resonance" frequency
must Dbe achieved by fairly narrow-band pulses, i.e.
relatively long tone bursts of several radio-frequency
cycles. While this requirement is compatible with the
circuits and conditions required by Doppler processing, it
becomes hardly applicable in the case of B-mode imaging,
where the ultrasound pulses must be of very short duration,
typically one-half or one-cycle excitation. In this case,
insufficient energy is converted from the fundamental
frequency to its "second-harmonic", and thus the B-mode
imaging mode cannot greatly benefit from this echo-enhancing
method. Secondly, the second harmonic generated is
attenuated, as the ultrasound echo propagates in tissue on
its way back to the transducer, at a rate as determined by
its frequency, i.e. at a rate significantly higher than the
attenuation rate of the fundamental frequency. This
constraint is a drawback of the "harmonic-imaging” method,
which is thus limited to propagation depths compatible with
ultrasound attenuation at the high "second-harmonic"
frequency. Furthermore, in order to generate echo-signal
components at twice the fundamental frequency, "harmonic
imaging" requires non-linear oscillation of the contrast
agent. Such behavior imposes the ultrasound excitation level
to exceed a certain acoustic threshold at the point of
imaging (i.e. at a certain depth in tissue). During
nonlinear oscillation, a frequency conversion takes place,
causing in particular part of the acoustic energy to be
converted from the fundamental excitation frequency up to
its second harmonic. On the other hand, that level should
not exceed the microbubble burst level at which the
microbubbles are destroyed, and hence harmonic imaging will
fail due to the destruction of the contrast agent in the

imaging volume. The above constraints require that the
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imaging-instrument be set-up in such a way as to ensure the
transmit-acoustic level to fall within a certain energy
band: high enough to generate second harmonic components,
but low enough to avoid microbubble destruction within a few
cycles.

Thus, methods which treat electronic echo signals
during normal realtime ("on the fly") investigations are
those most desirable, allowing better imaging and wider use
of ultrasound diagnostic imaging. Such methods are based on
an enhancement of the echoes signals received from the
regions imaged, using signal processing functions which are
designed to enhance the contrast between regions containing
contrast agent from those without contrast agent, on the
basis of nonlinear or frequency-dependent parameters, would
be simple to use and implement in new instrument designs.

US 5'632"277 and US 5’706’819 already disclose methods
and apparatus for the detection and imaging of harmonic echo
components from microbubble-based contrast agents in blood.
These methods utilize first and second ultrasound pulses
that are alternatively transmitted into the medium being
imaged. The first and second ultrasound pulses are amplitude
modulated signals in the radiofrequency range, the first
ultrasound pulse differing only in sign (polarity) from the
second ultrasound pulse transmitted. The echo signals gene-
rated by these successive pulses are stored in memory and
combined by adding them so that the linear components
cancel, leaving only the nonlinear component to be imaged.
Accordingly, since tissue generally reflects less harmonic
components than microbubbles, such processing enables the
microbubble echoes of the contrast agent to be received with
a high signal to noise ratio.

In these known approaches, for each “ line-of-sight ”,
or 1in other words for each transmitted-ultrasound beam
steering and focusing properties, a minimum of two

successive pulses is required to cancel echoes from tissues
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while preserving significant signals of echoes from
microbubbles. The radiofrequency echo signals are stored in
a temporary memory following excitation of each successive
pulses.

Alternative methods have been proposed in US 579617463,
or WO 99/30617 according to which, by alternating the pola-
rity or otherwise coding the successive excitation condi-
tions and taking the sum, difference or other combinations
of these rf-echo signals, essentially zero signals are pro-
duced from linear reflectors other than the microbubbles,
while echo signals from microbubbles produce non-linear
signals that can be used to construct images with great
sensitivity and enhanced contrast between microbubbles and
tissues not containing a significant number of microbubbles.

There are several disadvantages common to these techni-
ques. Firstly, because of the finite propagation velocity of
sound in tissues, a time interval of several hundred micro-
seconds must elapse between successive transmit pulses, in
order for the echoes from the deepest regions of interest to
return to the ultrasound probe before a following transmit
pulse can be applied. This requirement limits the achievable
frame rate, which is reduced in a proportion depending on
the number of pulses fired in each direction, compared to
similar imaging conditions without contrast-specific trans-
mit coding. Secondly, the bubbles can move significant
distances in the blood vessels in the time interval between
pulses. Because of that, the resulting processing is sensi-
tive not only to nonlinear scattering by microbubbles, but
also to decorrelation due to movement between pulses. Third-
ly, since the bubbles are excited successively by interroga-
ting pulses, they can be destroyed or in other ways altered
between successive pulses. As a consequence, the resulting
images, Doppler or other signals are not purely dependent on
the nonlinear particularities of microbubbles, but also

depend on these other possible effects and artefacts.
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These techniques are sometimes designated ™ pulse-

inversion imaging ”, “ phase-inversion imaging ”, “wideband
harmonic imaging”, “non-linear imaging usin hase cancel-
g

7

lation 7, etc.

Summary of the invention

The present invention pertains to a method of coding
the transmitted pressure-pulse waveform in such a way as to
allow decoding the resulting echo waveforms giving
substantially reduced contributions from linear scatterers
or tissues which do not contain contrast agent microbubbles,
and significant contributions for echoes originating from
contrast agent microbubbles.

The present invention relates to a method of nonlinear
imaging by coding the transmitted waveforms within single
transmit firings of the transducer or imaging probe. It is
based on the observation that in the case of reflection by
linear or essentially linear scatterers such as most tis-
sues, individual rf-echo signals can be appropriately
decoded, or deconvolved, to produce signals of reduced
amplitude, while in the case of reflection by more strongly
nonlinear scatterers such as contrast agent microbubbles,
applying the same decoding algorithms produces comparatively
enhanced signals.

In this way, a sensitive method is provided to signifi-
cantly enhance the contrast between microbubbles and
tissues, without paying a penalty of reducing the effective
pulse-repetition frequency and frame rate.

The invention also relates to a device for carrying out
the above-mentioned method, comprising means for construc-
ting a suitable excitation waveform, comprising two or more
pulses, the multiple-pulses composing this waveform having
spectra with known relative frequency dependencies with
respect to one another, differing in amplitude and phase in
a known fashion, this waveform being intended to be applied

to an ultrasound transducer to generate an ultrasonic beam,
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an ultrasound transducer array connected to said excitation
means, comprising one or a plurality of transducer elements,
a transmitter coupled to said transducer array for pulsing
said transducer elements, receiving means coupled to said
transducer for receiving said echo signals, means for
decoding the returned echo signal by a first appropriate
decoding function to obtain an rf-waveform, means for
decoding the returned echo signal by a second and different
appropriate decoding function to obtain an rf-waveform,
means for realigning in time both decoded rf-waveforms,
means for normalizing amplitudes of said decoded rf-
waveforms, and means for summing or otherwise combining both
rf-waveforms to effectively suppress echo components caused
by linear scatterers and comparatively enhance echo
components caused by nonlinear reflectors.

The invention further relates to the use of the device
for detecting and imaging the nonlinear components of
ultrasound echo signals returned from scatterers within the
body of human patients or animals.

Brief description of the drawings

The following drawings illustrate, schematically, as
examples two embodiments of +the method and the device.
according to this invention.

Figure 1 is a diagram of a typical single-shot phase
inversion pulse for linear echo cancellation.

Figure 2 is a typical response of a 4p microbubble to
the single-shot phase inversion pulse of Figure 1.

Figure 3 is a diagram of the power spectrum of coded
pulse of Figure 1 and of the bubble response of Figure 2.

Figure 4 is a diagram of transmit coding as delta
function with respect to the first, “positive” pulse.

Figure 5 1is a diagram of transmit coding as delta
function with respect to the second, “negative” pulse.

Figure 6 1is a diagram of a typical rf-echo signal

containing nonlinear echoes in the 20-40 pS interval.
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Figure 7 is a diagram of deconvolved rf-waveform with
respect to the “positive” pulse of figure 4.

Figure 8 is a diagram of deconvolved rf-waveform with
respect to the “negative” pulse of figure 5.

Figure 9 is a diagram of result of single-shot linear
echo cancellation processing for a random collection of
linear scatterers, except in the 20 to 40 pS time interval
which contains harmonic generating nonlinear reflectors.

Figure 10 is a block diagram which illustrates a con-
trast echography device with single-shot linear echo cancel-
lation imaging.

Figure 11 illustrates one deconvolution kernel used in
the first example.

Figure 12 illustrates two deconvolution kernels, noted
w1 (t) and wy(t), respectively used in the estimation of the
two components s7;(t) and s’,(t).

Figure 13 represents the spectrogram map computed from
s’i1(t).

Figure 14 represents the spectrogram map computed from
s’,(t).

Figure 15 is a diagram of local power estimates for the
case of similar energy between the linear and nonlinear
reflectors considered.

Figure 16 is a diagram of local power estimates for the
case of energy in the nonlinear reflectors 24 dB lower than
in the linear reflectors.

Figure 17 is a block diagram which illustrates a con-
trast echography device with single-shot linear echo cancel-

lation imaging based on the SSLF/spectrogram-ratio method.

Detailed description of the invention

In a first disclosed implementation of this invention,
a pulse waveform such as illustrated in Fig 1 is generated
by a transmit ultrasound transducer, with a center frequency

at 1.8 MHz. The horizontal time axis is labeled 1in
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microseconds, while the vertical axis 1is in arbitrary
pressure or voltage wunits. This example illustrates a
double-pulse, where the second instance is inverted in
polarity, delayed by 3 pS and reduced by 20% in amplitude
with respect to the first one. The double-pulse is
constructed by summing two instances of the same model
pulse, with the indicated changes in polarity, delay and
amplitude; thus, the two pulses have spectra with identical
relative frequency dependencies, differing only in amplitude
and phase. Figure 2 illustrates a typical pressure waveform
from a 4 p microbubble in response to the excitation shown
in Figure 1, as can be computed wusing well known and
accepted bubble-oscillation models (e.g. De Jong N., Cornet
R. and Lancee C.T., Higher harmonics of vibrating gas-filled
microspheres. Part one: simulations, Ultrasonics, 1994 (32),
447-453). The power spectra magnitudes of the double-pulse
waveform and the bubble response are given in Figure 3,
illustrating first that these spectra display, as expected,
a modulation in amplitude given by the inverse of the time
delay between the two pulses, i.e. at 1/3 pS = 0.67 MHz in
this example, and secondly, that the spectrum of the bubble
response exhibit, also as expected, significant energy
around harmonics of the excitation center frequency, 1i.e.
around frequencies multiples of the excitation frequency,
due to nonlinear microbubble oscillation. From linear-
systems theory, the double-pulse waveform of Figure 1 can be
considered as a convolution of a model single-pulse with a
coding function c(t) composed of a pair of delta functions
of amplitudes one and -0.8, separated by a time delay of 3
uS, as illustrated in Figure 4. This function can be written
as:
ct)y=0()—a-o(t-1),
with a=0.8, r=3pus.
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Deconvolution of the received echo waveforms from a
collection of scatterers, such as those obtained in B-mode
ultrasound imaging, can be applied in the time domain by
convolution with an appropriate deconvolution kernel, or in
the frequency domain by complex division by the spectrum of
the coding of Figure 3. One can thus obtain the rf-waveforms
which would have been obtained from linear echoes to single-
pulse excitation by the first pulse of the pulse-pair, by
deconvolution of the echoes from the pulse-pair by the ap-
propriate decoding function. Similarly, one can also obtain
the rf-waveforms which would have been obtained from linear
echoes to single-pulse excitation by the second pulse of the
pulse-pair, by deconvolution of the same echoes from the
pulse-pair by a different, appropriate, decoding function.

This different decoding function can be obtained from
the observation that the pulse pair can also be considered
as a convolution of the second, negative phase, pulse compo-
nent by a different coding of delta function pair, as given
by Figure 5, where the first pulse is obtained by a delta
function with a negative time shift and a 1/0.8, or 1.25
amplitude relative to the delta function of unity amplitude
centered at the origin. In this way, and for any rf-echo
signals produced by an ensemble of randomly distributed
linear scatterers, it is possible, by deconvolution, to
generate two rf-waveforms, equal to those that would have
been obtained from the first and second pulses individually.
Note that in this example, considering positive and negative
pulses of different peak amplitudes allows computing the in-
verse of the coding spectra without problems of disconti-
nuities at the frequencies where zero amplitudes appear when
the pulses are considered identical in amplitudes.

Figure 6 illustrates the case of a simulated rf-echo
signal, for scatterers of random amplitudes and positions
along the beam propagation path, in response to the

ANY

single-shot ” double-pulse coded excitation. These
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scatterers are considered linear at all positions, except in
the time interval from 20 to 40 uS, where they are
considered as originating from microbubbles according to
their responses shown in Figure 2. Two different deconvolved
rf-waveforms can be derived from this signal : one obtained
by deconvolution with respect to a first coding sequence, as
given by Figure 4, and a second waveform obtained by
deconvolution with respect to a second coding sequence, as
given by Figure 5. It is emphasized that both these resul-
ting waveforms are derived from echoes originating from a
single transmit, coded pulse waveform. The resulting rf-
waveforms are i1llustrated in Figure 7 and Figure 8,
respectively. The final step in the single-shot linear echo
cancellation processing is to take the sum of both rf-wave-
forms, following a time shift to realign both rf-waveforms
by an amount equal to the delay applied in the transmit
double-pulse excitation waveform, amplitude normalization,
again determined by that applied within the double-pulse
sequence, and highpass filtering to enhance harmonic
components vs. fundamental components. These quantities can
be accurately known and programmed by the control circuits
and software of modern echographic instruments. The result
of that sum is an essentially zero time trace signal, except
in the time interval containing the nonlinear reflectors, as
illustrated in Figure 9.

Thus, in the presence of contrast agent microbubbles
following intravenous injection in the organism, this method
allows sensitive detection of microbubbles by providing
enhanced echo signals available for further demodulation,
processing and display as a representative of the presence
of contrast agent in this region.

In this way, a sensitive method is found to enhance the
contrast Dbetween regions not containing in significant
amounts nonlinear scatterers, and regions containing con-

trast agent microbubbles with significant nonlinear scatte-
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ring properties, without the drawbacks of other known
methods, as outlined previously. It becomes evident from the
disclosed method of the present invention that it relates to
the field of imaging processing from ultrasound echoes
reflected by scatterers, so that this method is neither a
method for treatment of the human or animal body, nor a
diagnostic method practised on the human or animal body.
Accordingly, this method is dimplemented by echographic
imaging specialists and not by medical staff.

A block diagram of a typical contrast echography device
of the invention, with single-shot linear echo cancellation
for carrying out the above disclosed method is illustrated
in figure 10. The device includes at least the following
modules: central processor unit 1, timing circuits 2, time
gain control 3, transmit radiofrequency waveform shaping and
coding 4, power  transmit circuit 5, Tx/Rx-element
multiplexer 6, ultrasound transducer array 7, receive
amplifiers with time gain function and analog to digital
converter 8, digital beamforming processor 9, a first
radiofrequency waveform decoder 10a (a deconvolver in this
case), a second radiofrequency waveform decoder 10b, radio-
frequency amplitude normalization and time shift module 1la
connected to decoder module 10a, radiofrequency amplitude
normalization and time shift module 1l1b connected to
decoding module 10b, arithmetic combination, demodulation
and one-line memory 12. The output of the module 12 1is
connected to a video scan converter 13, connected to a video
monitor 14.

In operation and under general control of a Central
Processor Unit, the timing circuits 2 define a pulse repeti-
tion frequency, required for constructing echographic images
(B-mode images, Doppler components in one- and two dimen-
sions), based on sequential scanning of the region of the
body to be imaged. For each successive coded-pulse excita-

tion waveform, the timing circuits 2 also define the time-
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origin of a time dependent function used to provide variable
amplification gain to echo signals originating from
increasing imaging depths. This function is realized by the
time gain control module 3, whose output can be a varying
voltage, applied to gain control of the receiving amplifier
with adjustable gain 8. The timing circuits 2 also allow to
define transmit shaped/coded waveform, required for the
adequate sequential excitation of the individual elements of
the ultrasound transducer array 7 to provide beam focusing
and steering to be applied to the electrical excitation
power transmit circuit 5. The timing circuits also provide
the signals needed to bring predefined groups of array
elements into connection with the power transmit circuit 5,
by ways of the connections provided by the transmit-receive
element multiplexer 6. The output signals from this multi-
plexer are then routed to the receive amplifiers with time
gain function and analog-to-digital conversion means 8, also
controlled by the timing circuits 2. The digital output of
these circuits 8 is fed to the digital beamforming processor
9, the output of which is fed as a common input to the
processing channels for implementing waveform decoding and
linear echo cancellation on the returned echoes.

The example of figure 2 implements linear cancellation
by feeding the echo signals through respectively first and
second radiofrequency deéoders 10a, 10b, each followed by a
radiofrequency amplitude normalisation and time shift 11la,
1lb in order to deconvolve the echo signals from the
transmit shaped/coded excitation rédiofrequency waveforms.
The individual outputs of the processing channels are then
routed as input signals to the digital summation and one-
line memory 12 for taking the sum of both rf-waveforms to
effectively suppress all echo components caused by linear
scatterers and produce output signals then fed to the input
of the video scan converter 13, setup to write the incoming

data, for each sequential pulse, in a pattern corresponding
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to the selected beam steering and positioning.

Thus, by repeating the above sequence at the specified
rate, each time modifying the beam steering and/or focusing
to obtain echoes from successive positions in the organs,
tissue and blood, the scan converter output signal refreshes
the image as displayed on the video monitor 14, in realtime,
i.e. at a rate between a few images per second to hundreds
of images per second, sufficient for reproducing perception
of movement by operator of the instrument. In the process
described above, the regions of the echographic images
corresponding to regions containing contrast agents appear
with a contrast that is vastly enhanced, because tissues
reflect minimal harmonic components.

The convolution process may be implemented by spectral
Fourier, Chirp-Z or wavelet transform analysis of returning
echoes and also by applying the linear echo cancellation
processing within a sliding time window of the returning
echoes. In a similar manner, the individual signal
components may be spectrally analysed or filtered in
distinct or similar frequency bands before being compared,
added, subtracted, multiplied, divided or otherwise combined
arithmetically, as described for example in US 5,526,816,
incorporated herein by reference in its entirety.

In a second disclosed implementation of this invention,
a similar transmit-coding waveform can be used, but the
decoding aimed at detecting the nonlinear components in the
received echoes is different than in the first example. In
the first implementation above, the length of the input
signal is finite, while the deconvolution kernel is of an
arbitrarily long and inpractical size (see for example
Figure 11). As an alternative and more practical approach,
finite-length decoding filters can be considered, as
described hereafter, and combined with an approach for
Source Separation by Linear Filtering (SSLF) coupled with

time-frequency analysis (spectrogram) or time-scale analysis
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(discrete wavelet transform). Here, the input echo-signal
yrr(t) reflected in response to the double-pulse excitation
is considered as a linear combination of two signals si(t)
and sz(t), corresponding to components responding in an odd

and even manner to the coded excitation, as follows:

Ve () = ¢,(8) % 5,(2) + ¢, (1) * 5, (7)
with the following definitions of c;(t) and cy(t):
q®)=06)—a-6(t—7) and c,(t)=0)+a-5(t—7).
Here, 0, a,7 are, respectively, Dirac’s delta function, the
relative amplitude coefficient of the second pulse in Figure
1, and the time separation between the two coding pulses,
again as 1in Figure 1. The s;(t) component represents the
contributions from linear scatterers, responding with a
polarity equal to that of the excitation code c;(t), while
the s,(t) component represents the harmonic contributions
from nonlinear scatterers, responding with a positive
polarity irrespectively of the polarity of the excitation
code (i.e. responding as if they had been coded with the
cz (t) function. With this formalism, estimates s’;(t) and
s’2(t)of the s;(t) and s,(t) components, respectively, can be
approximated Dby convolutions with appropriate decoding
filters, for example as:
s () = w; (1) * yre(t)
and
§'5 (1) = W, (1) * y e (1)
where w;(t) and wz(t) are deconvolution kernels optimized
for the estimates of the s;(t) and s;(t) components. Such
functions can be for example finite codes of length 2 or 3
coding intervals, with odd and even polarity and weighted by
a Bartlett window as shown on Figure 12. As an example of
this implementation, a ygr(t) signal is considered for the
case of coding by ci(t) witha = 1 andt = 3ps, with
nonlinear microbubble reflectors added in the 20 to 40 pnsS

time interval.
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In the context of this implementation, it is also
beneficial to consider processing the individual signal
components by spectral analysis or filtering in distinct or
similar frequency bands before being compared, added,
subtracted, multiplied, divided or otherwise combined
arithmetically. A preferred approach is described hereafter.
The instanteneous power content within the estimated s’;(t)
and s’z(t) 1s computed as a function of frequency within a
gaussian time window of length equal to one code.
Spectrograms S;(f,t) and S;(f,t) are thus computed from
these components, as a function of time-of-arrival of the
echoes, proportional to depth, and illustrated in Figures 13
and 14, respectively. In these two figures, the =x-axis
represents time, the y-axis represents the frequency and the
gray level at each x-y point represents the magnitude of the
spectral energy within a Gaussian time window. It represents
a time-localized frequency content of the signal. A
comparison between the two spectrograms illustrates how the
s’1(t) estimate achieves suppression of the harmonic
components of the nonlinear reflectors (between 3.5 and 4.5
MHz), while the s’,(t) estimate preserves a comparatively
much larger contribution from the harmonic components of
nonlinear reflectors. For each frequency component of S; and

Sz, local power estimates are computed within a sliding time

interval of width 1, thus generating two functions the
Pi(f,t) and P,(f,t) representing sub-band local power
distributions. Computing the ratios of P>(£,t) over Pi(f,t)
provides a surprizingly sensitive method of detecting the
contributions from nonlinear reflectors. These ratios can be
individually computed over the whole frequency spectrum
considered or limited to frequencies around frequencies of
interest, for example around the fundamental or harmonic
bands of the transmit frequency. As an illustration of that

ability of the “SSLF/spectrogram-ratio linear echo
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cancellation processing” to detect the presence of nonlinear
reflectors, two cases are considered. One where the average
energy of the nonlinear reflectors 'is similar to the energy
of the linear-scatterers (designated the 0dB case), and the
other where the average energy of the nonlinear reflectors
is 24 dB below the energy of the linear-scatterers
(designated the -24dB case). Figure 15 illustrates the 0dB
case. A comparison is made between the computation of P,/P;
within the harmonic frequency band between 3.5 and 4.5 MHz
(upper trace) and the case of sub-band local power
distributions Pge(f,t) computed on a ygr(t) obtained from a
single pulse excitation, again in the same frequency band
(lower trace). Both approaches are here able to extract
correctly the nonlinear reflector portion of the signal
between 20 and 40 ps. Figure 16 illustrates the -24dB case.
The comparison between the two approaches shows a clearly
higher sensitivity of the approach based on the
SSLF/spectrogram-ratio linear echo cancellation processing.
Figure 17 is a block diagram illustrating a contrast
echography device with single-shot linear echo cancellation
imaging based on the SSLF/spectrogram-ratio method. Elements
1 to 9, as well as 12 to 14, are identical to those included
in Figure 10. Elements 10a and 10b represent the operations
of linear and nonlinear component estimation, as described
above. Elements 1la and 1lb represent the optional
spectrogram, as well as the local power estimation, computed
on the resulting signals from elements 10a and 10b,
respectively. These estimations can be performed over
bandwidths (1) and (2) which may be selected independently
over limited or extended frequency bands. In the example
above, these bandwidths (1) and (2) were identical, and
chosen around the harmonic frequency band of interest.
Alternatively, they could be chosen in arbitrary ways, for
example around the fundamental frequency for bandwidth (1)

and around the second harmonic for bandwidth (2).
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The benefits of the method and the implementations
disclosed may equally be exploited in systems in which the
processing channels are part of the receiver of a one- or
two-dimensional pulsed-Doppler ultrasound system, which may
further incorporate a video output representing a spectrum
of wvelocity distribution and/or an audible signal output
which is preferably a loudspeaker but it may also be any
convenient sound reproducing device. Various useful options
may be incorporated in the pulsed-Doppler ultrasound system
such as a two-dimensional map of velocity distribution which
may further be colour coded, or it may incorporate a two-di-
mensional map of echo amplitude or energy derived from
Doppler echo components from moving targets, optionally at
predetermined thresholds for velocities inferior or superior
to a given value.

While the above described embodiments only use double-
pulse excitation waveform, the invention may also be
implemented using excitation waveform comprising more than

two pulses.
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CLATIMS

1. A method of detecting and imaging the nonlinear com-
ponents of ultrasound echo signals returned from scatterers,
characterized in that it comprises the steps of:

a) constructing a multiple-pulse excitation waveform,
the pulses composing this waveform having spectra with known
relative frequency dependencies with respect to eachother,
differing in amplitude and phase in a known fashion so that
the multiple-pulse waveform can be considered as a
convolution of any single of said pulses with a known coding
function, the time delay separating the pulses being
shorter than the time interval needed for wultrasound echo
signals to be returned from the most distant said scatterers
to be imaged, and longer than or equal to one half period of
the fundamental central frequency of any single of said
pulses,

b) transmitting said multiple-pulse waveform within a
single transmition of an ultrasound beam in the direction
of said scatterers,

c) receiving the echo signals in response to said
transmitted beam, returned from said scatterers to form a
received rf-waveform,

d) convolving said received rf-waveform by a first
appropriate decoding function to obtain a new rf-waveform,

e) convolving said received rf-waveform by a second and
different appropriate decoding function to obtain another
rf-waveform,

f) realigning in time both resulting rf-waveforms
obtained from the same returned echo signal by a time delay,

g) generating two signals by normalizing amplitudes of
said resulting rf-waveforms,

h) combining arithmetically both resulting signals to

effectively suppress echo components caused by linear
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scatterers and produce output signals, and

i) further processing in known ways the ouptut signals
and storing in a scan conversion memory for display on a
video monitor as a two-dimensional map of echo-amplitudes.

J) repeating the sequence b) to i) above in order to
project ultrasound energy in a different direction.

2. A method of detecting and imaging the nonlinear com-
ponents of an ultrasound signal as described in claim 1,
characterized in that the multiple-pulse excitation waveform
is composed of pulses having spectra with identical relative
frequency dependencies and differing only in amplitude and
phase in order to correspond to a convolution of a single of
said pulses with delta functions of similar or slightly
different amplitudes and separated by a known time delay.

3. A method according to <claims 1-2, wherein a
demodulation step includes computing estimations of
radiofrequency spectrogram or Discrete Wavelet Transforms
for each of the rf-waveforms,

4. A method according to «claims 1-2, wherein a
demodulation step includes computing local power estimates
for each of the signals in a given bandwidth,

5. A method according to claims 1-2, wherein a summa-
tion algorithm is used for processing said output signals.

6. A method according to claims 1-2, wherein the
amplitude of said output signals is coded by different video
colours, to be superimposed on an otherwise conventional
grey-scale video image obtained by the usual processing
methods applied in B-mode imaging.

7. A method according to one of the preceding claims,
wherein it comprises the step of constructing a double-pulse
excitation waveform.

8. A device for carrying out the method according to
claim 1, wherein it comprises:

means for constructing a multiple-pulse excitation

waveform, the pulses composing this waveform having spectra
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with known relative frequency dependencies with respect to
one another, differing in amplitude and phase in a known
fashion, this waveform being intended to be applied to an
ultrasound transducer to generate an ultrasonic beam,

an ultrasound transducer array connected to said exci-
tation means, comprising one or a plurality of transducer
elements,

a transmitter coupled to said transducer array for pul-
sing said transducer elements,

receiving means coupled to said transducer for recei-
ving said echo signals,

means for convolving returned echo signal by a first
appropriate decoding function to obtain an rf-waveform,

means for convolving returned echo signal by a second
and different appropriate decoding function to obtain an rf-
waveform,

means for realigning in time both computed signals,

means for normalizing amplitudes of said computed
signals, and

means for combining arithmetically both rf-waveforms to
effectively suppress echo components caused by linear
scatterers.

9. A device according to claim 8 further comprising
means for computing radiofrequency spectrograms or Discrete
Wavelet Transforms,

10. A device according to claim 8 further comprising
means for estimating local power in given bandwidths,

11. A device according to claim 8 comprising a video
scan converter.

12. A device according to claim 8, comprising analog-
to-digital converter circuits connected to said transducer

elements, whose purpose is to digitize the returned echo

signals to allow processing of the returned echo signals by

digital electronic processing circuits, and computing means.

13. A device according to claim 8, wherein the returned



10

15

20

25

30

35

WO 01/77707 PCT/IB01/00612

23

echo signal processing means are part of a receiver of a
pulsed-Doppler ultrasound system.

14. A device according to claim 13, wherein said
pulsed-Doppler ultrasound system incorporates an audible
signal output by means of a loudspeaker.

15. A device according to claim 13, wherein said

pulsed-Doppler ultrasound system incorporates a spectral vi-

deo output representing a spectrum of velocity distribution.

le. A device according to claim 13, wherein said
pulsed-Doppler ultrasound system incorporates a two-dimen-
sional map of velocity distribution.

17. A device according to claim 16, wherein said two-
dimensional map of velocity distribution is colour coded.

18. A device claim 13, wherein said pulsed-Doppler
ultrasound system incorporates a two-dimensional map of
echo-amplitude or energy derived from Doppler echo compo-
nents from moving scatterers.

19. A device according to claim 13, wherein said
pulsed-Doppler ultrasound system incorporates a two-dimen-
sional map of Doppler echo components from scatterers moving
with a velocity inferior to a predetermined threshold.

20. A device according to claim 13, wherein said
pulsed-Doppler ultrasound system incorporates a two-dimen-
sional map of Doppler echo components from scatterers mo-
ving with a velocity superior to a predetermined threshold.

21. A device according to claim 8, wherein the required
convolution processes of said returned echo signals are
obtained by spectral Fourier, Chirp-%Z, wavelet transform
analysis or direct time convolution with a convolution
function applied within a sliding time window on the
returning echoes.

22. A device according to claim 8, wherein it comprises
means for constructing a double-pulse excitation waveform.

23. Use of the device of one of claims 8-22 for

detecting and imaging the nonlinear components of ultrasound
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echo signals returned from scatterers within the body of

human patients or animals.
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