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(54) Ultrasound imaging method combined with the presence of contrast media in the body under
examination

(57) Ultrasound imaging method combined with the
presence of contrast agents in the body under exami-
nation, comprising the steps of: transmitting at least one
beam of acoustic waves into a body under examination
carrying contrast agents, and which acoustic waves are
transmitted at a first fundamental transmission frequen-
cy and are focused on at least one scan line; receiving
the acoustic beam reflected from the body under exam-
ination and the contrast agents along said at least one
scan line; separating, in said received signal, the at least
one harmonic or subharmonic components from the fun-
damental frequency component; generating one image
from at least one of the fundamental, harmonic and/or

subharmonic components of the received signal. Ac-
cording to the invention, the components of the received
signal are separated according to their being at the first
fundamental frequency, at the harmonic frequency and
at the subharmonic frequency; whereas the amplitudes
of the received signals are stored for each of the funda-
mental, harmonic or subharmonic frequency compo-
nents at each reflected point; depending on the ampli-
tudes of the signal components, the reflector nature is
determined, said nature being assumed as a contrast
agent, when the subharmonic component of the re-
ceived signal has an amplitude above a predetermined
minimum amplitude.
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Description

[0001] The invention addresses an ultrasound imag-
ing method combined with the presence of contrast
agents in the body under examination, comprising the
steps of:

transmitting, by using an array of electroacoustic
transducers, at least one beam of acoustic waves
into one body under examination, which carries
contrast agents, said waves being transmitted at a
first fundamental transmission frequency and being
focused on at least one scan line;
receiving the acoustic beam reflected from the body
under examination and the contrast agents, by us-
ing an array of receiving electroacoustic transduc-
ers, which transducers generate an electric return
signal, corresponding to the reflected acoustic
beam along said at least one scan line;
separating the at least one harmonic or subharmon-
ic components and the fundamental component of
said return signal;
generating one image from at least one of the return
signal components, at the fundamental frequency,
at the harmonic and/or subharmonic frequency.

[0002] In diagnostic ultrasonic imaging, several
modes are known for processing electroacoustic return
signals. These different modes have the purpose of dis-
playing different types of tissues or objects that may be
more or less echogenic.
[0003] Static tissues typically have a good echogenic-
ity and are optimally detectable by ultrasonic imaging at
the fundamental frequency by using the so-called B-
mode. In this mode, as is well known, the envelope of
the return signal is detected, whose amplitude is corre-
lated to a grey scale, thereby forming an image. B-mode
images at the fundamental transmission frequency are
high-quality images, as the transmit signal may consist
of a broadband pulse, i.e. a very short pulse, which en-
sures an optimized resolution.
[0004] Static tissues, and particularly soft tissues, al-
so generate nonlinear reflected signals. The generated
return signal not only contains a fundamental compo-
nent, i.e. at the same frequency as the transmit beam,
but also comprises nonlinear components, as compo-
nents at the second or higher-order harmonics of the
fundamental transmission frequency.
[0005] Highly perfused tissues or blood flows or other
body flows are poorly echoghenic, i.e. generate reflec-
tion contributions well below the intensity of the reflec-
tion contributions generated by static tissues. This limi-
tation was accordingly obviated by using substances
that amplify the reflection response and are introduced
in said blood flows. These substances, known as con-
trast agents, have a strongly nonlinear reflection re-
sponse, and therefore generate return signal contribu-
tions at the second harmonic of the transmit beam fun-

damental frequency. The so-called harmonic imaging
mode was developed for contrast agent ultrasonic im-
aging, and allows to remove the fundamental frequency
contributions of the return signal and to use the second
harmonic components generated by contrast agents for
image reconstruction.
[0006] Nevertheless, as mentioned above about soft
tissues, these tissues also generate nonlinear contribu-
tions of the return signals, therefore the presence of
blood flows with contrast agents prevents from differen-
tiating between the return signal due to a soft tissue and
a return signal due to a contrast agent.
[0007] US 6,066,098 teaches an ultrasonic imaging
method which does not only use a certain frequency of
the return signal, but acquires the whole spectrum of the
received signal frequencies. As this spectrum is char-
acteristic for each type of tissue, this method allows to
identify the type of tissue that generated the reflected
signal at a predetermined scanning depth and to differ-
entiate tissue contributions from contrast agent contri-
butions in the return signal.
[0008] From documents US 6,290,647 and US
6,117,082, it is known to use another characteristic of
contrast agents for ultrasonic imaging thereof, and dif-
ferentiation thereof from tissues. Indeed, when the
transmit signal is exposed to an appropriate mechanical
pressure, contrast agent return signals may be excited
which have signal components at a subharmonic of the
transmit signal frequency. Such subharmonic frequency
is not substantially present in the reflected signals gen-
erated by physiological tissues. The two documents pro-
vide that ultrasonic imaging of regions that carry con-
trast agents may be performed by using said compo-
nents of the subharmonic signal, alternatively or in ad-
dition to the harmonic component of the return signal.
[0009] Nevertheless, the excitation of the subharmon-
ic components of the return signal generated by contrast
agents requires the transmit pulses to be relatively long,
and such time length of transmit pulses causes an im-
age quality degradation in terms of resolution, presence
of side lobes and generation of artifacts.
[0010] On the other hand, traditional B-mode images,
obtained by using the linear component of the received
signal allow, as mentioned above, the generation of high
quality images.
[0011] It shall be further noted that the use of contrast
agent signals is not generally designed for B-mode im-
aging, hence to imaging in a narrow sense, but espe-
cially for detecting the presence of contrast agents and
possibly the perfusion characteristics thereof, or for de-
termining the speed or amount of flow.
[0012] Due to the above, the methods taught by US
6,290,647 and 6,117,082 involve a number of image
quality restrictions.
[0013] Problems also arise in the excitation and re-
ception of subharmonic signals, as the band widths of
ultrasonic probes are generally insufficient to ensure the
reception of harmonic and subharmonic frequencies of
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the fundamental transmission frequency.
[0014] The invention has the object of providing a
method that allows to safely distinguish contrast agents
from the remaining tissues, preferably of the biological
type, that form the body under examination, and of pro-
viding an imaging mode that combines the B-mode im-
age quality of the linear components of the received sig-
nal with the information that is expected to be acquired
by using contrast agents, i.e. substantially the presence
thereof.
[0015] A further object of the present invention is to
allow the inventive method to be implemented to con-
tinuously moving organs, e.g. the heart.
[0016] The invention achieves the above purposes by
providing a method as described above, in which:

the fundamental component, the harmonic compo-
nent and the subharmonic component are separat-
ed in the return signal;
the amplitudes of the return signal are stored for
each of the fundamental, harmonic or subharmonic
frequency components at each reflected point
along said scan line;
the nature of the reflected point along the scan line
being discriminated depending on the amplitudes
of the fundamental, harmonic and subharmonic
components of the return signal and
the nature of the reflected point being assumed as
a contrast agent when the subharmonic component
of the return signal has an amplitude above a pre-
determined minimum amplitude.

[0017] Therefore, the identification, in a return signal
of a reflected point along a scan line, of a return signal
component whose frequency is equal to a subharmonic
of the transmit signal frequency, allows to determine the
nature of the reflected point, i.e. whether the reflected
point is formed by the contrast agent or a tissue.
[0018] According to an improvement, the above meth-
od is applied to the return signals which correspond to
a plurality of adjacent scan lines, which define a scan
plane.
[0019] According to the reflected point nature discrim-
inating analysis of the present method, the reflected
points along a scan line to be assumed as contrast
agents are those whose return signal has a fundamental
component and a subharmonic component having sim-
ilar or substantially identical amplitudes and a harmonic
component having a lower amplitude than the funda-
mental and the harmonic components.
[0020] In fact, it was found that, by exciting with an
appropriate acoustic pressure the nonlinear reflected
component at the subharmonic of the fundamental
transmission frequency, the intensity of said subhar-
monic component is substantially equal to that of the
fundamental transmission frequency of the return sig-
nal.
[0021] In the method of the present invention, the sec-

ond harmonic and subharmonic components are not
used for ultrasonic imaging, but only to discriminate the
areas of said image that correspond to regions of the
body under examination which carry the contrast agent.
Therefore, the method of the invention includes the
steps of:

generating a B-mode panoramic background image
of the fundamental transmission frequency compo-
nent of the return signal
providing a differential display, over the B-mode
background image, by assigning one or more spe-
cific display colors and/or by chrominance varia-
tions, to the areas of said background images cor-
responding to the reflected points that are defined
as contrast agents.

[0022] Regarding amplitude comparisons between
the various frequency components of the return signal,
the method of the invention provides a comparison of
relative and not absolute amplitude values. In fact, there
is no convenience in providing absolute amplitude
thresholds for the harmonic, subharmonic and funda-
mental frequency components of the return signal, as
the absolute amplitude value may vary depending on
the type of tissue being examined. To this end, the in-
vention provides an amplitude standardization for the
above three components of the return signal, by using,
as a reference, the amplitude value obtained for the fun-
damental transmission frequency component of the re-
turn signal. A simple relativization method consists in
dividing the amplitudes of the three frequency compo-
nents of the return signal by the amplitude of the return
signal component at the fundamental transmission fre-
quency, for each reflected point along each scan line.
[0023] As the propagation of the acoustic pulse in the
body under examination is frequency-dependent, a
proper reflector nature discriminating analysis, based
on the amplitudes of the three frequency components
of the return component, i.e. the fundamental, harmonic
and subharmonic components, may be performed, ac-
cording to the invention thanks to an amplitude stand-
ardization step, consisting in that, for each return signal
component, at the fundamental transmission frequency,
at the harmonic frequency and at the subharmonic fre-
quency, an amplitude compensation is provided, which
is a function of the penetration depth, i.e. the propaga-
tion time and the signal component frequency.
[0024] The inventive method may be practically im-
plemented in several different modes. In all these
modes, the problem arises of accounting for the fact that
ultrasonic probes, i.e. the transducer arrays that form
them, generally have a narrow frequency band. The fre-
quency bands of probes are generally of 1.6MHz to 3.2
MHz.
[0025] The implementation of this method requires
additional steps to be provided, to overcome probe band
limitations.
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[0026] A feasible, but cost ineffective and functionally
inconvenient arrangement, consists in providing a spe-
cific probe for imaging processes with the above meth-
od. Nevertheless, apart from the additional cost of a spe-
cial probe, the user is expected to connect the probe
every time and reset the imaging apparatus to optimize
its settings relative to the new probe.
[0027] Regarding the above mentioned narrow band
of ultrasonic probes, the method implementation modes
may be differentiated depending on specific applica-
tions relative to the body under examination. Particularly
referring to diagnostic imaging, two specific fields of use
are recognized. A first field of use is the radiological
field, in which the regions of the body under examination
include no moving tissues or organs, except blood or
lymphatic flows.
[0028] Here, a simplified implementation mode may
be provided. In fact, the time factor, i.e. the duration of
the signal transmit and receive cycle is not critical, as
organs are static and contrast agents remain therein for
sufficiently long times.
[0029] Therefore, in the above conditions, the inven-
tion provides successive transmission of three identical-
ly focused ultrasonic beams, which are optimized for the
fundamental frequency, the harmonic frequency and the
subharmonic frequency respectively. In combination
therewith, a successive reception is also provided of
three identically focused ultrasonic beams, which are
optimized for the fundamental frequency, the harmonic
frequency and the subharmonic frequency respectively.
[0030] More specifically, the method of the invention
provides, in combination with the above, an array of
transducers having a predetermined transmit/receive
band width, wherein an upper band limit is defined which
is twice the lower band limit, three identically focused
beams being successively generated, having a center
frequency between the upper and the lower limits, a fre-
quency corresponding to the lower limit of said band,
and a frequency corresponding to the upper limit of said
band, whereas the return signal associated to the trans-
mit signal at the center frequency, is used for receiving
the center or fundamental frequency component of the
return signal, the return signal associated to the transmit
signal at the lower band frequency is used for receiving
the harmonic component of the return signal, and the
return signal associated to the transmit signal at the up-
per band limit is used for receiving the subharmonic
component of the return signal.
[0031] Hence, for each scan line, the three fundamen-
tal, harmonic and subharmonic components of the re-
turn signal may be detected without replacing the probe
and in a very simple manner.
[0032] In addition, the above arrangements also allow
to further optimize the three identically focused transmit
beams relative to the return signal frequency compo-
nent to be excited and with reference to the utilization
of said signal component.
[0033] Indeed, the transmit beam may be appropri-

ately optimized for the fundamental component of the
return signal regarding the function of said component
to provide information for generating the B-mode back-
ground image. Here, the fired transmit beam may be
formed by at least one broad band, i.e. short duration
pulse. This provides a better signal-to-noise ratio and
an enhanced resolution.
[0034] However, for harmonic and subharmonic com-
ponents, energy must be transferred to the reflectors. In
fact, in order to excite particularly subharmonic compo-
nents a sufficient amount of energy must be transferred
to the reflectors whereas, as reflectors are contrast
agents, peak energy is not only unnecessary, but even
harmful, as if acoustic pressure gets above a certain lim-
it, there is the risk of breaking the microbubbles that form
the contrast agents. Hence, in this case, the transmit
beam is optimized for the harmonic and/or subharmonic
component of the return signal, to be a narrow band sig-
nal, i.e. having a long duration. This obviously involves
a decreased signal-to-noise ratio, a low resolution and
the presence of artifacts. Nevertheless, as the method
of the invention provides that such components only
have reflector nature discriminating functions, such ef-
fects that might be considered inconvenient for imaging,
do not affect the result or the function of harmonic and
subharmonic components of the signal. Also, transmit
beams having a predetermined acoustic pressure and
a long duration are optimal for exciting harmonic and
subharmonics.
[0035] Thanks to the above arrangements, the meth-
od of this invention yields a B-mode background image
generated by the fundamental transmission frequency
component of the return signal, the so-called linear com-
ponent of the return signal, that has a high quality and
provides an enhanced resolution and an optimized sig-
nal-to-noise ratio, whereas reflector nature discrimina-
tion is performed by using transmit beam firing param-
eters which ensure the best excitation effect on harmon-
ic and subharmonic components, thereby providing an
optimized detection of the presence of said components
and amplitude measurement thereof.
[0036] In addition to the use of a traditional transducer
array, the method of the invention allows the transmis-
sion arrangements to be used for a particular transducer
array, wherein said transducer array is divided into three
different groups of transducers. The transducers of each
of said three groups are excited to generate a transmit
beam at the center frequency between the upper and
the lower band limits, a transmit beam at the lower band
limit frequency and a transmit beam at the upper band
limit frequency.
[0037] In accordance with the above arrangements,
the transducer groups are excited in succession, and
are identically focused, i.e. on the same scan line.
[0038] The above transmitting steps, providing a suc-
cession of three identically focused transmit beams,
each of which beams is optimized for exciting and re-
ceiving, by using the same probe, one of the three com-
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ponents of the return signal, at the transmission fre-
quency, at the harmonic of the transmission frequency
and at the subharmonic of the transmission frequency
respectively, cannot be executed when the imaging
method is used for bodies under examination containing
moving tissues or organs, e.g. in cardiologic imaging ap-
plications. Here, the triplet of transmit beams would be
transmitted at different times, wherein the moving organ
exhibits different conditions. Therefore, the return sig-
nals at the three different frequency components would
relate to a different moving organ condition for each fre-
quency component of the return signal, thereby provid-
ing a less accurate evaluation.
[0039] In the case of moving organs within the body
under examination, the invention provides an imple-
mentation mode that is different from the one that de-
scribed herein for radiological applications.
[0040] As a rule, in order to also implement the inven-
tive method for imaging bodies containing moving or-
gans or tissues or body parts, the invention provides the
combination with a probe or a transducer array having
a predetermined transmit/receive frequency band width
range, wherein an upper band limit may be defined
which is twice the lower band limit.
[0041] In order to prevent the three successive trans-
mission events of the radiological solution, this applica-
tion allows, in principle, to use any type of method al-
lowing to introduce, within the transmit beam duration,
the three different frequencies, i.e. the center frequency
of the transducer array band between the lower and the
upper limits and the frequencies of the lower and upper
limits. In principle, several methods are known for de-
tecting the frequency spectrum of the return signal to
identify the transmission frequency, the harmonic fre-
quency and the subharmonic frequency components of
said signal.
[0042] According to a first embodiment, the transmit-
ted signal may be encoded to include the three funda-
mental, harmonic and subharmonic frequencies, thanks
to the fact that the transmit beam is linearly modulated
between the lower frequency limit and the upper fre-
quency limit of the transducer band, within the duration
of the transmit beam, whereas the received return signal
is accordingly demodulated to extract the return signal
components at the fundamental frequency, correspond-
ing to the center band frequency, at the harmonic fre-
quency, corresponding to the upper band limit, and at
the subharmonic frequency, corresponding to the lower
band limit. This is a so-called pulse modulation encod-
ing, known as CHIRP. CHIRP modulation has been used
for a long time in the radar field and may also find appli-
cation in the electroacoustic field, thanks to the fact that
the signals in use are still RF signals. A more detailed
description of chirp modulation is contained in "Space-
born Radar Remote Sensing: Applications and Tech-
niques", Charles Elachi, Institute of Electrical and Elec-
tronics Engineers Press, New York, December 1988.
The document "Coded Excitation System for Improving

the Penetration of Real-Time Phased Array Imaging
Systems" , Matthew O'Donnel, IEE Transaction on Ul-
trasonics, Ferroelectrics and Frequency Control, Vol.
39, No. 3 May 1992, describes the application of a
"Pseudo CHIRP" method in ultrasonic imaging, and said
document is integrated herein by reference.
[0043] According to a further alternative embodiment,
the return signal is demodulated for extracting the center
band frequency, the upper band limit frequency and the
lower band limit frequency components of the signal by
using a time-frequency transform. A particular embodi-
ment of the above method provides the use of a trans-
form known as wavelet transform.
[0044] Here, a spectral map of the return signal may
be generated to identify the center frequency between
the upper limit and the lower limit of the band and the
lower and upper limit frequencies of the band by sam-
pling the return signal, and processing the sampled and
digitized signal by a discrete wavelet transform. Then,
the spectral map may be analyzed, for instance, by com-
paring it with reference spectral maps, which are used
to identify the spectral map type and the reflector nature.
This method is described in greater detail in US
6,066,098, granted to the owner hereof, and whose con-
tent is integrated herein by reference.
[0045] The above are not the only arrangements that
may be used in combination with the method of the in-
vention. Other arrangements may be used for encoding
the transmitted signals and for filtering the received sig-
nals by correlation, such as those described in US
6,494,839, US 5,961,463, US 5,980,459 and US
6,050,947, which are integrated herein by reference.
[0046] In most of the above mentioned ultrasonic
pulse encoding methods, a considerable technical ad-
vantage is provided, in addition to the advantage of con-
centrating the excitation and detecting the fundamental,
harmonic and subharmonic components within a single
transmit and receive event, which advantage consists
in that, while the pulse has a relatively long duration,
hence a low resolution, the encoding and correlated de-
coding thereof causes a signal compression during re-
ception, which allows to obviate the long duration of the
signal and to obtain images whose quality is similar to
the that obtained by using broad band, short duration
transmit pulses.
[0047] This advantage is also combined with the fact
that the peak acoustic pressure during transmission
does not exceed contrast agent destruction limits, and
contrast agents are preserved from such destruction
but, thanks to the signal compression obtained by the
coding and decoding process, amplitude peaks are ob-
tained, for at least some of the spectral components of
the return signal, that have a sufficient amplitude for op-
timized imaging.
[0048] The characteristics of the inventive method
and the advantages derived therefrom will appear more
clearly from the following description of a few non limit-
ing embodiments, illustrated in the annexed drawings,
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in which:

Fig. 1 shows the discretized spectrum of the return
signal, at the fundamental transmission frequency,
at the second harmonic of the fundamental trans-
mission frequency and at the first subharmonic of
the fundamental frequency of the transmit signal,
said signal being a return signal derived from a re-
flector consisting of a tissue of a body under exam-
ination.
Fig. 2 is a diagram like that of Figure 1, in which the
spectrum relates to the return signal deriving from
the contrast agent as a reflector.
Fig. 3 is a diagram that shows the successive trans-
mission of three identically focused beams at differ-
ent fundamental transmission frequencies, such as
to ensure that the return signal components corre-
sponding to the fundamental transmission frequen-
cy, the subharmonic and the harmonic of each re-
spective fundamental transmission frequency, all
fall within the frequency band of an array of trans-
mitting and receiving electroacoustic transducers.
Fig. 4 shows an example of linear encoding of a
transmit pulse frequency according to the CHIRP
encoding method.
Fig. 5 schematically shows an ultrasonic imaging
apparatus whereby the method of this invention
may be implemented in a variant that provides suc-
cessive firing of three identically focused transmit
beams having different fundamental transmission
frequencies, like in the example of Figure 3.
Fig. 6 schematically shows an ultrasonic imaging
machine for implementing the inventive method, in
which the transmit beam is encoded or frequency
modulated and the return signal is decoded/fre-
quency demodulated, while being correlated to the
transmit beam.
Fig. 7 schematically shows an ultrasonic imaging
apparatus for implementing the method of this in-
vention, in which the frequency spectrum map of the
return signal is determined, which spectrum is com-
pared with typical reference spectra for the return
signal due to the tissue and for the reflected signal
due to contrast agents.

[0049] The principle of the present invention consists
in that ultrasound imaging of a body under examination
is performed by exciting reflection echoes having com-
ponents at the fundamental frequency of the exciting
signal, at the subharmonic of said fundamental frequen-
cy and at the harmonic of said fundamental frequency.
The reflector nature may be determined by analyzing
the amplitudes of the ultrasonic imaging return signal for
each reflected point, for instance along a scan line.
There exists the need, in ultrasonic imaging, of differen-
tiating whether the received return signal is due to the
tissue or to a contrast agent that was appropriately used.
While contrast agents are known to have a nonlinear

reflection behavior, causing the presence of a return sig-
nal component at a harmonic frequency, e.g. the second
harmonic of the fundamental frequency of the reflected
signal, such nonlinear reflection behavior is also exhib-
ited by biological tissues, particularly soft tissues.
Hence, it is currently difficult to discriminate whether the
nonlinear reflector that generates reflected signals hav-
ing second harmonic components is a contrast agent or
a nonlinear reflector, for instance, a soft biological tis-
sue.
[0050] Such discrimination is of the utmost impor-
tance, as contrast agents are used to allow ultrasonic
imaging of blood or lymphatic flows, which are known to
be poorly echogenic and provide too little a contribution
to the fundamental component, as compared with the
same contribution generated by tissues. Therefore, it is
important to positively identify the nature of the reflector
that generated the harmonic component of the return
signal.
[0051] To this end, it was found that, if contrast agents
were excited by appropriate acoustic pressures and by
an appropriate energy transfer, they also generated,
within the ultrasonic imaging return signal, subharmonic
components of said signal, particularly at a first subhar-
monic of the fundamental transmission frequency.
[0052] On the other hand, such subharmonic compo-
nent is almost absent or has very low amplitudes in re-
turn signals due to the reflection by either soft or hard
biological tissues.
[0053] If contrast agents are appropriately excited,
they generate return signal components at the first sub-
harmonic of the fundamental frequency of the transmit
signal, whose amplitudes are similar in all respects to
those of the fundamental frequency component of the
reflected signal.
Figure 1 shows typical return signal components from
biological tissues, at the first subharmonic of the funda-
mental transmission frequency, at the fundamental
transmission frequency, and at the first harmonic of the
fundamental transmission frequency.
[0054] Figure 2 shows typical return signal compo-
nents from contrast agents at the three above men-
tioned frequencies.
[0055] Such difference between the spectra of the two
return signals somewhat constitutes a discriminant for
determining the difference between reflector types, i.e.
tissues and contrast agents.
[0056] The present invention provides a method
wherein said three return signal components are deter-
mined and separated, and their respective amplitudes
are stored to generate a diagram like that shown in Fig-
ures 1 and 2, and discriminate between tissue reflectors
and contrast agent reflectors. Accordingly, an image is
reconstructed by using the reflected signal component
at the same frequency as the fundamental transmission
frequency, as a B-mode image, for instance a grey-scale
B-mode image.
[0057] On the other hand, the discrimination between

9 10



EP 1 515 158 A2

7

5

10

15

20

25

30

35

40

45

50

55

contrast agents and tissues allows to identify the B-
mode image areas that correspond to the areas in which
contrast agents were detected, in the manner described
above. Subharmonic and harmonic components are not
used to construct images, but only for the above men-
tioned reflector nature discrimination. The image areas
corresponding to the reflectors that were identified as
contrast agents are displayed on the B-mode grey scale
generated by the fundamental component of the return
signal by color variations or chrominance variations of
the image areas.
[0058] As the B-mode background image obtained by
the fundamental transmission frequency component of
the return signal generally has an optimized resolution
and as contrast agents are only used to identify the pres-
ence of a flow, the method of the invention is particularly
adapted to the purposes of the two imaging modes, and
yields a high quality background image, and a highly re-
liable indication of the flow presence, as well as a highly
reliable localization of said flows.
[0059] However, the implementation of the inventive
method must account for the fact that ultrasonic probes
have low-amplitude transmit and receive frequency
bands. The frequency bands of probes are generally of
about 1.6MHz to 3.2 MHz. If a center frequency of 2.4
MHz is selected, then both the subharmonic and the har-
monic frequencies are outside the probe band.
[0060] As a general rule, probes may be provided that
have higher frequency bands, or multiple transducer ar-
rays, each being optimized for such a frequency band
that at least one of the arrays includes the subharmonic
frequency and at least one of the arrays includes the
second harmonic of the fundamental frequency. Hence,
a first transducer array might include in its band a fre-
quency of 2.4 MHz, whereas a second array is optimized
for a frequency band including the first subharmonic fre-
quency, i.e. 1.2 MHz and a third array is optimized for
receiving the first harmonic frequency, i.e. 4.8 MHz. This
arrangement might obviate the above mentioned prob-
lems but is expensive and inconvenient for the user, who
should replace the probe at each imaging process with
the method of the invention and who would have to cal-
ibrate and optimize the system at each probe replace-
ment.
[0061] In radiological imaging, i.e. of bodies or re-
gions of bodies containing stationary tissues and or-
gans, such probe replacement problem might be obvi-
ated by generating a succession of three transmit
beams for each scan line, each of which beams is opti-
mized to transmit a fundamental frequency generating,
within the frequency band of the probe, return signals
having a fundamental frequency, a frequency equal to
the first subharmonic of the fundamental transmission
frequency and a frequency equal to the second harmon-
ic of the fundamental transmission frequencies, which
are all within the probe band. A simple way to obtain this
is schematically shown in Figure 3. When considering
an ultrasonic imaging probe whose frequency band has

a lower limit corresponding to half the upper limit, the
three transmit beams are generated, the first being at
the center frequency between the lower limit and the up-
per limit of the probe band. Here, the return signal com-
ponent having the fundamental frequency of the trans-
mit beam is separated and processed in the return sig-
nal. This is shown in the two superimposed left diagrams
of Figure 3. Referring to the previous example of a probe
having a lower band limit of 1.6 MHz and an upper band
limit of 3.2 MHz, the fundamental frequency of the trans-
mit beam and the frequency of the detected return signal
component is of 2.4 MHz.
[0062] The second transmit beam is transmitted at a
frequency equal to the lower band limit and the return
signal component whose frequency corresponds to the
second harmonic of the fundamental transmission fre-
quency is obtained from the return signal. This is shown
in the central column of the diagram of Figure 3. In the
above example of a probe, the transmit beam is trans-
mitted at a frequency of 1.6 MHz, whereas the return
signal includes the second harmonic component having
a frequency of 3.2 MHz.
[0063] In the right column of the diagram of Figure 3,
the third transmit beam has a frequency corresponding
to the upper band limit, whereas the component at the
first subharmonic of said transmit signal is detected from
the return signal. With reference to the above probe ex-
ample, the fundamental transmission frequency is of 3.2
MHz, whereas the first subharmonic frequency is of 1.6
MHz.
[0064] The above described mode comprising a scan
sequence, whereby three transmit beams having the
above mentioned frequencies are successively trans-
mitted, has the advantage of optimally adjusting the
transmission parameters relative to the designed func-
tion of the corresponding return signal components.
Hence, for example, the transmit beam at the center fre-
quency, for detecting the return signal component at
said center frequency is designed for B-mode back-
ground imaging and may be optimized for this purpose.
In fact, in the method of the present invention, the trans-
mit beam at said center frequency of the band is a short,
i.e. broad band, pulse. This allows to maintain an en-
hanced resolution and an optimized signal-to-noise ra-
tio, as well as to reduce the presence of artifacts.
[0065] Regarding the transmit beams optimized to re-
ceive the subharmonic and harmonic components of the
transmission signal, there is no need for these compo-
nents to provide a broad band pulse, as said subhar-
monic and harmonic components are not used for image
reconstruction. Their presence is only needed to identify
the nature of reflectors, i.e. to recognize whether reflec-
tors are tissues or contrast agents.
[0066] Nevertheless, for a proper excitation of har-
monic and subharmonic components of the return sig-
nal, especially when contrast agents are present, the
amplitude of the transmitted signal is not so critical as
the amount of energy transferred to contrast agents,
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provided that acoustic pressure thresholds are not ex-
ceeded, in which case contrast agents would be broken.
Therefore, the transmit beams optimized to receive har-
monic and subharmonic components of the return signal
are formed by narrow band, i.e. long duration pulses,
which are definitely inadequate to yield high quality im-
ages, but certainly more effective to excite nonlinear re-
flection responses from contrast agents.
[0067] Figure 5 shows a chart of an ultrasonic imaging
apparatus operating according to the above embodi-
ment of the inventive method. Here, a central controller
1 controls the transmitter 2 and the receiver 3, which are
in turn connected to the transducers through a switch 4,
the latter being synchronized with the transmit and re-
ceive steps. The signal that comes from the receiver 3
is bandpass filtered 5, 5', 5'', relative to the fundamental
frequency of the transmit beam, the second harmonic
of the fundamental transmission frequency and the first
subharmonic of the fundamental transmission frequen-
cy. The application of these filters is synchronized with
the sequence of transmit beams optimized for receiving
the corresponding reflected signal component, at the
above frequencies. The return signal components for
each reflected point along each scan line are stored 6,
6', 6''. Particularly, the amplitude of said components is
stored. These values are standardized relative to the
fundamental frequency amplitude and compared 7, 7',
7'' with appropriate threshold values, particularly at least
as regards the subharmonic component of the return
signal. The comparison result is routed to a discrimina-
tor 8, which generates signals for controlling a display
monitor 9 for the pixels of said monitor that correspond
to the image areas in which the signal received from the
body under examination is due to contrast agents.
[0068] The fundamental components of return signals
are processed 10 for generating a B-mode image, to be
displayed on the monitor 9. The discriminator controls
the monitor pixel aspect in the areas of the B-mode im-
age, i.e. the background image, corresponding to areas
of the body under examination in which return signals
have been identified that were assumed as being gen-
erated by contrast agents, according to the above meth-
od. The aspect of these pixels, corresponding to con-
trast agent signal contributions is controlled, for in-
stance, by appropriate color assignment or chromi-
nance variations.
[0069] The image obtained thereby is a high quality
image, in terms of resolution and sharpness, relative to
the background B-mode image, and is highly reliable for
the identification of contrast agents.
[0070] The above described method, which allows to
obviate the band width limits of prior art ultrasonic
probes, without using a special ultrasonic probe, cannot
unfortunately be used when the body under examination
or the part thereof is a moving organ, tissue or part.
[0071] If this is the case, the return signal components
at the transmission frequency, the harmonic frequency
and the subharmonic frequency cannot be scanned by

a succession of identically focused transmit beams,
each optimized for one of said return signal compo-
nents, as each of the three successive beams generates
a return signal for a different condition of the subject be-
ing examined, because, in the time between two suc-
cessive transmit beams, the subject being examined, for
instance the organ, has moved, therefore the compo-
nent of the return signal for a successive transmit beam
cannot be compared with the preceding one.
[0072] In these conditions, the invention provides an
alternative embodiment, wherein techniques are used
for encoding and modulating the transmit beam frequen-
cy, which allow to modulate the transmission frequency
within the duration of the transmit beam.
[0073] As mentioned above, some of these tech-
niques are known and currently used.
[0074] According to a first variant embodiment, the
frequency of the transmit beam is modulated linearly
within the duration of the transmit beam, by varying the
transmit beam frequency from a start value to an end
value, which form the limits of a predetermined band
width. Referring to the probe that was mentioned above
as an example, the frequency of the transmit beam may
be varied linearly within the duration of the transmit
beam from the frequency corresponding to the lower
limit of the probe band to the frequency corresponding
to the upper limit of the probe band. During reception, a
demodulation of the frequency spectrum is required,
which demodulation is correlated in time with the trans-
mission modulation.
[0075] This technique is known from RADAR technol-
ogy as CHIRP. Figure 4 shows the waveform of the
transmitted signal for a linear chirp passing from a lower
limit of the probe band, equal to 1/2 Fo to an upper limit
of the band, equal to 2Fo. Note that the wavelength de-
creases with time.
[0076] Other modulation types are provided which are
not continuous and linear and involve phase and fre-
quency hops in schemes of discrete steps. One of such
techniques is known as Pseudo Chirp and is described
in Coded Excitation System for Improving the Penetra-
tion of Real-Time Phased Array Imaging Systems" ,
Matthew O'Donnel, IEE Transaction on Ultrasonics,
Ferroelectrics and Frequency Control, Vol. 39, No.3
May 1992
[0077] Demodulation or decoding is generally per-
formed by correlated filtering of the return signal. Sev-
eral other encoding and decoding techniques are de-
scribed in US 6,494,839, US 5,961,463, US 5,980,459
and US 6,050,947 which are integrated herein as a ref-
erence.
[0078] An apparatus for implementing the method of
the invention, which uses techniques for encoding/de-
coding or frequency modulation and demodulation for
transmitted and received signal is schematically shown
in Fig. 6. Here, parts that are equal to or have the same
function as parts of the device as shown in Figure 5 are
denoted with the same reference numbers.
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[0079] Transmission, encoding or modulation, and re-
ception and decoding or demodulation are controlled by
a controller 1. The transmitter 2 has encoder/modulator
functions and the receiver 3 has decoder/demodulator
functions. By encoding, in the transmit signal, the fre-
quency components optimized for exciting the return
signal components at the fundamental transmission fre-
quency, at the harmonic and at the subharmonic of the
transmission frequency, it is possible to introduce in a
single transmit beam all the required optimizations to
maintain the subharmonic and harmonic frequencies
within the probe band.
[0080] Decoding or demodulation is often provided by
correlations or convolutions and filtering. Particularly, a
so-called FIR filtering process is often used. The decod-
ing or demodulation process yields the three separate
components of the return signal for the single transmit-
ted beam. Said components are designated as Fo, 2Fo
and Fo/2 in Figure 6. Now, the amplitudes of said com-
ponents are detected and the processing thereof is sub-
stantially identical to the one discussed with reference
to Figure 5.
[0081] In addition to the above transmit signal encod-
ing techniques, techniques may be also provided for de-
tecting the spectral map of the return signal.
[0082] In this case, the invention provides the use of
a different technique, based on the Wavelet transform.
The steps of said technique consist in generating a
spectrum of the transmit beam including the above men-
tioned three frequencies and in subsequently detecting,
in a correlated manner, the spectral map of the return
signal.
[0083] The steps of this technique include sampling
and digitization of the return signal, and subsequent
processing by a Wavelet transform.
Then, the spectral map may be analyzed, for instance,
by comparing it with reference spectral maps, which are
used to identify the spectral map type and the reflector
nature. This method is described in greater detail in US
6,066,098, granted to the owner hereof, and whose con-
tent is integrated herein by reference.
[0084] Figure 7 shows a simplified scheme of an ap-
paratus operating by detecting the spectral map of the
return signal and comparing it with predetermined
unique spectral maps to recognize the reflector nature
specific map.
[0085] Unlike the previous embodiments, the signal
coming from the RX receiver is sampled and digitized
11 and subjected to the Wavelet transform 12. A spectral
map is thus obtained for each reflector, which map is
compared 13 with reference spectral maps stored in a
memory 14 of the apparatus. Depending on the corre-
spondence of the spectral map with one of the reference
maps, the reflector is assigned a reflector type.
[0086] Regarding the rest of the procedure of B-mode
imaging and display from the return signal component
at the transmission frequency, these steps are substan-
tially identical or similar to those provided above for ra-

diological use.

Claims

1. Ultrasound imaging method combined with the
presence of contrast agents in the body under ex-
amination, comprising the steps of:

transmitting, by using an array of electroacous-
tic transducers, at least one beam of acoustic
waves into one body under examination, which
carries contrast agents, said waves being
transmitted at a first fundamental transmission
frequency and being focused on at least one
scan line;
receiving the acoustic beam reflected from the
body under examination and the contrast
agents, by using an array of receiving electroa-
coustic transducers, which transducers gener-
ate an electric return signal, corresponding to
the reflected acoustic beam along said at least
one scan line;
separating the at least one harmonic or subhar-
monic components and the fundamental com-
ponent of said return signal;
generating one image from at least one of the
return signal components, at the fundamental
frequency, at the harmonic and/or subharmonic
frequency.

characterized in that

the fundamental component, the harmonic
component and the subharmonic component
are separated in the return signal;
the amplitudes of the return signal are stored
for each of the fundamental, harmonic or sub-
harmonic frequency components at each re-
flected point along said scan line;
the nature of the reflected point along the scan
line being discriminated depending on the am-
plitudes of the fundamental, harmonic and sub-
harmonic components of the return signal and
the nature of the reflected point being assumed
as a contrast agent when the subharmonic
component of the return signal has an ampli-
tude above a predetermined minimum ampli-
tude.

2. A method as claimed in claim 1, characterized in
that it is applied to the return signals which corre-
spond to a plurality of adjacent scan lines, which
define a scan plane.

3. A method as claimed in claims 1 and 2, character-
ized in that the reflected points along a scan line
to be assumed as contrast agents are those whose
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return signal has a fundamental component and a
subharmonic component having similar or substan-
tially identical amplitudes and a harmonic compo-
nent having a lower amplitude than the fundamental
and the harmonic components.

4. A method as claimed in one or more of the preced-
ing claims, characterized in that it includes the fol-
lowing steps:

generating a B-mode panoramic background
image of the fundamental transmission fre-
quency component of the return signal
providing a differential display, over the B-mode
background image, by assigning one or more
specific display colors and/or by chrominance
variations, to the areas of said background im-
ages corresponding to the reflected points that
are defined as contrast agents.

5. A method as claimed in one or more of the preced-
ing claims, characterized in that, for each return
signal component, at the fundamental transmission
frequency, at the harmonic frequency and at the
subharmonic frequency, an amplitude compensa-
tion is provided, which is a function of the penetra-
tion depth, i.e. the propagation time and the signal
component frequency.

6. A method as claimed in one or more of the preced-
ing claims, characterized in that a successive
transmission is provided of three identically focused
ultrasonic beams, each of which is optimized for the
fundamental frequency, the harmonic frequency
and the subharmonic frequency respectively.

7. A method as claimed in one or more of the preced-
ing claims, characterized in that a successive re-
ception is provided of three identically focused ul-
trasonic beams, each of which is optimized for the
fundamental frequency, the harmonic frequency
and the subharmonic frequency respectively.

8. A method as claimed in one or more of the preced-
ing claims, characterized in that it is provided in
combination with an array of transducers having a
predetermined transmit/receive band width, where-
in an upper band limit is defined which is twice the
lower band limit, three identically focused beams
being successively generated, having a center fre-
quency between the upper and the lower limits, a
frequency corresponding to the lower limit of said
band, and a frequency corresponding to the upper
limit of said band, whereas the return signal asso-
ciated to the transmit signal at the center frequency,
is used for receiving the center or fundamental fre-
quency component of the return signal, the return
signal associated to the transmit signal at the lower

band frequency is used for receiving the harmonic
component of the return signal, and the return sig-
nal associated to the transmit signal at the upper
band limit is used for receiving the subharmonic
component of the return signal.

9. A method as claimed in one or more of the preced-
ing claims, characterized in that the transmit beam
optimized for the fundamental component of the re-
turn signal is a broad band, i.e. short duration and
high resolution beam.

10. A method as claimed in one or more of the preced-
ing claims, characterized in that the transmit beam
optimized for the harmonic and/or subharmonic
component of the return signal is a narrow band, i.
e. long duration and low resolution beam.

11. A method as claimed in one or more of the preced-
ing claims, characterized in that it provides that
the transducer array is divided into three different
groups of transducers, the transducers of each of
which groups are excited to generate a transmit
beam at the center frequency between the upper
and the lower band limits, a transmit beam at the
lower band limit frequency and a transmit beam at
the upper band limit frequency.

12. A method as claimed in claim 11, characterized in
that the three groups of transducers are excited to
generate three identically focused simultaneous
transmit beams.

13. A method as claimed in claims 1 to 5, character-
ized in that it is provided in combination with a
transducer array having a predetermined transmit/
receive frequency band width range, wherein an up-
per band limit may be defined which is twice the low-
er band limit, the frequency of the transmit beam
being linearly modulated between the lower fre-
quency limit and the upper frequency limit of the
transducer band, within the duration of the transmit
beam, whereas the received return signal is accord-
ingly demodulated to extract the return signal com-
ponents at the fundamental frequency, correspond-
ing to the center band frequency, at the harmonic
frequency, corresponding to the upper band limit,
and at the subharmonic frequency, corresponding
to the lower band limit.

14. A method as claimed in claim 13, characterized in
that the frequency modulation of the transmit beam
and the corresponding demodulation of the receive
beam are performed with the pulse modulation
technique known as CHIRP.

15. A method as claimed in claims 1 to 5, character-
ized in that it is provided in combination with a
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transducer array having a predetermined transmit/
receive frequency band width range, wherein an up-
per band limit may be defined which is twice the low-
er band limit, an ultrasonic transmit beam being
generated, which is frequency modulated to have a
spectrum including signal components at a center
frequency between the upper limit and the lower
limit, signal components at the lower limit frequency
and signal components at the upper limit frequency,
whereas the return signal is demodulated to extract
the signal components at the central frequency, at
the upper limit frequency and at the lower limit fre-
quency respectively, by using a time-frequency
transform, known as Wavelet transform.

16. A method as claimed in claim 15, characterized in
that it provides the generation of a spectral map of
the return signal, to identify the center frequency be-
tween the upper limit and the lower limit of the band
and the lower and upper limit frequencies of the
band by sampling the return signal, and processing
the sampled and digitized signal by a discrete wave-
let transform.

17. A method as claimed in claims 1 to 5, character-
ized in that it is provided in combination with a
transducer array having a predetermined transmit/
receive frequency band width range, wherein an up-
per band limit may be defined which is twice the low-
er band limit, the transmit beam being provided with
a frequency spectrum comprising the lower band
limit frequency, the center frequency between the
upper band limit and the lower band limit, and the
upper band limit frequency, and being modulated by
encoding, and the fundamental, harmonic and sub-
harmonic components of the return signal, corre-
sponding to the center frequency between the up-
per and the lower band limits, to the upper limit fre-
quency and to the lower limit frequency respectively
being extracted by correlated filtering.

18. A method as claimed in one or more of the preced-
ing claims, characterized in that the transmit beam
frequency spectrum is encoded by dividing the
transducer array into at least two, preferably three
groups that are activated with predetermined phase
differences and/or different frequencies.

19. A method as claimed in one or more of the preced-
ing claims, characterized in that amplitude com-
parisons between the various frequency compo-
nents of the return signal are performed with refer-
ence to standardized amplitude values, by using as
a reference the amplitude value the amplitude value
obtained for the fundamental transmission frequen-
cy component of the return signal.

20. A method as claimed in claim 19, characterized in

that standardization includes the determination of
the quotient of each of the amplitudes of the return
signal components at the fundamental transmission
frequency, at the harmonic and at the subharmonic
thereof, by the amplitude of the return signal com-
ponent at said fundamental transmission frequency,
for each reflected point along each scan line.
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