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CHIRP REVERSAL ULTRASOUND
CONTRAST IMAGING

[0001] The present invention generally relates to ultrasonic
diagnosis of the body using ultrasound contrast imaging tech-
niques, and in particular to methods and apparatuses using
ultrasound contrast agents (UCA).

[0002] Over the past decade, contrast agents in the form of
tiny gas bubbles were introduced to improve the image qual-
ity. The gas bubbles are infused into the region of interest to
increase the backscattered echoes from the desired organs to
clearly distinguish them from the echoes returned from other
organs. Gases have been stabilized in solutions in the form of
tiny microbubbles.

[0003] To extend the utility of ultrasound contrast imaging,
research has been actively focused in developing efficacious
UCA and new contrast-specific imaging techniques. Second
harmonic based techniques enhance the detection of UCA
within many structures such as the cardiac chambers. They
exploit the differences between the response of gas
microbubbles and tissue to ultrasound irradiation. Soft tissues
are known to be linear reflectors whereas contrast bubbles
exhibit a nonlinear or harmonic behavior when interacting
with ultrasound waves.

[0004] Techniques have been developed to image tissues at
second harmonic (2H) frequency even without contrast
bubbles injection. That specific frequency turns out to
improve image quality considerably. This mode, called native
tissue harmonic imaging, has demonstrated advantages in
various clinical applications. Recent studies have shown that
imaging contrast bubbles and tissue at 2H frequency only is
associated with some disadvantages. Higher harmonic fre-
quencies were then suggested as a way to increase the ability
to detect or discriminate between contrast gas bubbles and
surrounding scattering medium. Such approaches have
shown promising in vitro and in vivo results.

[0005] However substantial research efforts still need to be
undertaken to use UCA in the assessment of myocardial
perfusion. New contrast imaging methods such as pulse
inversion and power modulation are now effectively used for
left ventricular opacification (LVO) but have shown limited
success to detect myocardial perfusion in echocardiography
with “difficult-to-image” patients.

[0006] Hence new imaging methods must be investigated
based on the unique acoustic properties of gas microbubbles.
The ultimate perfusion technique should be able to ascertain
the suppression of the strong (linear or nonlinear) tissue ech-
oes while increasing the bubble echoes and allowing a strong
contrast-to-tissue ratio. The discrimination between non-per-
fused tissue and contrast-perfused tissue is usually referred to
as contrast-to-tissue ratio.

[0007] Therefore, an object of the present invention is to
offer an improved method for contrast agent detection over
the known methods. Another object of the present invention is
to offer an improved apparatus for contrast agent detection.
[0008] Accordingly, the present invention provides a
method for detecting and imaging ultrasound echo signals
returned from a target object comprising microbubbles
according to claim 1. The present invention further provides
an apparatus for ultrasound imaging according to claim 9.
[0009] The invention takes advantage of the resonance
behavior of gas microbubbles. Echoes from oscillating
microbubbles excited with frequencies proximate their reso-
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nance frequency are detected and sorted out (eliminated)
from echoes emanating from non oscillating structures such
as tissues.

[0010] Other features and advantages of this invention will
further appear in the hereafter description when considered in
connection to the accompanying drawings, wherein:

[0011] FIG. 1 illustrates the resonance frequency of a gas
microbubble as a function of its size;

[0012] FIG. 2 illustrates the scattering cross section, i.e. the
scattering strength of a microbubble, in this case for a 3 um
diameter bubble;

[0013] FIGS. 3 to 5 illustrate the excitation signal (top
panel) as well as the scattered signal (lower panel) from a 3
um bubble when excited with an acoustic signal with a fre-
quency below, close or above the resonance frequency of the
bubble;

[0014] FIG. 6 illustrates an exemplary up-sweep frequency
signal used in the method according to the present invention;
[0015] FIG. 7 illustrates an exemplary down-sweep fre-
quency signal used in the method according to the present
invention; containing the same frequency bandwidth as signal
in FIG. 6.

[0016] FIG. 8 illustrates the response of a microbubble to
the excitation signal of FIG. 6;

[0017] FIG. 9 illustrates the response of a microbubble to
the excitation signal of FIG. 7,

[0018] FIG. 10 illustrates the transmitted first and second
signals (upper panel), as well as the microbubble responses
(lower panel);

[0019] FIG. 11 illustrates an exemplary combination of the
echo signals in the combination step of the method according
to the invention;

[0020] FIG. 12 illustrates a linear and a quadratic modula-
tion of an up-sweep frequency signal used in the method
according to the present invention; and,

[0021] FIG. 13 illustrates an apparatus according to the
present invention;

[0022] FIG. 14 shows the radius time curve of a contrast
microbubble insonified with an upsweep frequencies chirp
(top panel) and a down sweep frequencies chirp (bottom
panel); and,

[0023] FIG. 15 shows a tissue mimicking phantom
response to an upsweep frequencies chirp (top panel) and a
down sweep frequencies chirp (bottom panel).

[0024] The gaseous or gas microbubbles present in the tar-
get object can either be from an injected or assimilated UCA,
or in case of a gaseous embolism, the emboli.

[0025] The method according to the invention is based on
the resonance behavior of such gas microbubbles. When a gas
microbubble is hit by an ultrasound wave, it oscillates and
therefore irradiates ultrasound energy. The bubble com-
presses and expands depending on the phase of the ultrasound
wave. An oscillating bubble can be compared to a harmonic
oscillator and can thus be characterized by a natural reso-
nance frequency. The resonance frequency of a bubble was
defined by Minnaert and given by the formula:

PRI ET) W
P

[0026] where:
[0027] R is the resting radius,
[0028] v is the polytropic component,
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[0029]
[0030]

[0031] This expression shows that the resonance frequency
of a bubble is inversely proportional to its size. FIG. 1 shows
the resonance frequency of a gas microbubble as a function of
its size. For a 6 um diameter bubble, its resonance frequency
would be approximately 1 MHz.

[0032] When a microbubble is excited at its resonance fre-
quency, its oscillations are maximal and therefore the scat-
tered echo signal will be strengthened. FIG. 2 shows the
scattering cross section which represents the scattering
strength of a microbubble, in this case for a 3 pm diameter
bubble. The curve shows a maximum which occurs at a fre-
quency equal to its resonance frequency. In addition to being
strong, the length ofthe scattered signal is increased due to the
resonance behavior of the bubble. Examples are given in
FIGS. 3, 4 and 5. FIG. 3 shows in the top panel the excitation
signal and in the lower panel the scattered signal from a
bubble of 3 um in diameter when excited with an acoustic
signal with a frequency below the resonance frequency of the
bubble. The bubble response shows approximately the same
length as the transmitted signal. FIG. 4 shows the transmitted
signal and the response of a resonating bubble. One can
appreciate first the high amplitude of the scattered signal and
second the length of the signal which increased significantly
due to the resonance behavior of the microbubble. Hence,
after the excitation signal has passed, the microbubble con-
tinues to oscillate freely. For a bubble excited above its reso-
nance frequency, the result is shown in FIG. 5§ where one can
notice lower scattered amplitude in addition to a much shorter
signal response.

[0033] Therefore for a microbubble excited at or close to its
resonance frequency, it scatters ultrasound energy very effi-
ciently and shows a much longer pulse response.

[0034] For a non-oscillating structure, such as tissue, the
acoustic response will be of the same length as the excitation
signal since no resonance behavior is observed from a non-
oscillating scatterer.

[0035] Microbubbles that are injected as a UCA show a
wide range of sizes, typically 1 to 5 pm, and up to 10 pm, or
lower than 1 pm. This could a priori make it difficult to define
such a resonance frequency for the UCA bubbles. Neverthe-
less, test results show that the whole microbubbles behave
with a dominant resonance frequency, as if all microbubbles
were of the same size. In the following description of the
method according to the invention, the resonance frequency
of the UCA will be defined as this dominant resonance fre-
quency. Such a resonance frequency is typically in the range
of 1 MHz to a few 10 MHz. Vascular ultrasound frequencies
range from 1 to 5 MHz. Intravascular ultrasound frequencies
range from 10 to 40 MHz, the related microbubbles sizes
would then be lower than 1 pm. To take advantage of these
resonance characteristics of the gas microbubbles, a sequence
of two signals, both containing several frequency compo-
nents, is transmitted in the method according to the invention.
Therefore, to detect and image ultrasound echo signals
returned from a target object comprising microbubbles, the
target object is irradiated with at least a first and second
successive excitation signals, the first excitation signal being
a sweep of increasing frequencies with time or up-sweep
frequency signal, while the second excitation signal being a
sweep of decreasing frequencies with time, or down-sweep
frequency signal.

Po is the ambient pressure, and,
p is the density of the medium.
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[0036] The frequency bandwidth of each signal has a fre-
quency sweep that covers frequencies from below the reso-
nance frequency of the investigated bubbles up to frequencies
close to the resonance frequency of the investigated bubble.
Thus the maximum frequencies of the first and second exci-
tation signals are lower than the resonance frequency of the
microbubbles. The echo signals from the first and second
excitation signals are then detected coming from the target
object, and, then combined.

[0037] Depending on the frequency sweep used in the
transmit signal, the bubble responds differently. When using
the first signal, i.e. a frequency sweep of increasing frequen-
cies with time as shown in FIG. 6, the microbubble will be
interrogated first by frequencies below its resonance fre-
quency and then by the high-frequency component at the end
ofthe transmitted pulse. Since the high frequency component
of the transmitted signal is closer to its resonance frequency,
the bubble will resonate and oscillate freely at the end of the
signal. This is shown in FIG. 8 by an elongated pulse
response. As the frequency is approaching the resonance fre-
quency, the microbubble will accumulate more energy and
the effect of the transmitted signal will be cumulative.
[0038] In the case of the second signal, i.e. a down-sweep
frequency signal as seen in FIG. 7, the high frequency com-
ponents are transmitted first and these high frequency com-
ponents correspond, to the resonance frequency of the
microbubble. Therefore the resonance behavior of the bubble
due to these high frequency components is initiated but only
for a very short time since the low frequency components
(away from resonance) follow immediately and override the
initiated resonance response. The free oscillations are then
canceled immediately and the bubble responds to the follow-
ing lower frequency components (away from resonance), giv-
ing thus a shorter overall echo response. As the frequencies of
the signal decrease with time, the cumulative effect is reduced
compared to the one of the up-sweep frequency signal.
[0039] FIG. 10 illustrates in the upper panel the transmit
sequence containing the first signal and then the second rep-
lica which has been time reversed. In the lower panel the
predicted bubble’s response to the transmit sequence is given.
[0040] As the chosen frequency sweeps are specific to the
microbubbles and their resonance frequency, non-oscillating
and non-resonating scatterers, such as tissues, respond very
differently from microbubbles, and display very similar
responses to both up-sweep and down-sweep excitations.
Indeed, when submitted to a frequency away from the reso-
nance frequency, both other scatterers (tissues) and the
microbubbles will exhibit short oscillating responses (as in
FIG. 3), their response showing approximately the same
length as the excitation signal, whether the frequency is
increasing or decreasing. Closer to the resonance frequency
of the microbubbles, tissues will exhibit similar response
whether the frequency is increasing or decreasing while the
microbubbles will not as explained before.

[0041] The difference in behaviors between microbubbles
and other scatterers allow through a proper combination to
image the target object. After the echo signals from the first
and second transmitted signals are detected, a combination is
performed to image these echo signals and the target object.
The combination performed ought to take into account the
respective shapes of the first and second signal.

[0042] Inapreferred embodiment of the method according
to the invention, the maximum frequency of the first (up-
sweep) and second (down-sweep) excitation signals are iden-
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tical. In an additional embodiment, the frequency compo-
nents of both transmitted signals are identical, i.e. the first and
the second excitation signals have identical frequency
sweeps. In the example of FIGS. 6 and 7, the first and second
signals are time reversed replica of each other. Both transmit
signals have the same total frequency bandwidth and the same
acoustic pressure. FIG. 6 is a chirped signal with an increas-
ing frequency sweep while FIG. 7 is exactly the same signal
but with a decreasing frequency sweep.

[0043] A theoretical model describing the dynamic of gas
bubbles was used to calculate the bubble response to both
transmitted signals. The model is based on the popular Ray-
leigh-Plesset equation. In the simulations, a free bubble of 3
um diameter was considered and the applied acoustic pres-
sure was 50 kPa at 1.8 MHz.

[0044] The results are shown in FIGS. 8 and 9. FIG. 8
shows the echo scattered from the gas microbubble when
insonified (irradiated) with the signal shown in FIG. 6. FIG. 9
shows the bubble’s response when insonified with the signal
shown in FIG. 7. Depending on the frequency sweep used in
the transmit signal, the bubble will respond differently. When
using signal shown in FIG. 6, the frequency sweep is increas-
ing with time, and the cumulative effect mentioned before
brings a longer response (elongated pulse response in FIG. 8)
with large oscillations as the bubble will resonate and oscil-
late freely at the end of the up-sweep signal. With the down-
sweep frequency signal, the resonance behavior of the bubble
due to these high frequency components is initiated first but
only for a very short time as the lower frequency components
follow and override the initiated resonance response. FIG. 9
illustrates such a shorter overall echo response. FIG. 10 illus-
trates in the upper panel the transmit sequence containing the
first signal and then the second signal which is a time reversed
replica of the first one. In the lower panel the predicted bub-
ble’s response to the transmit sequence is given.

[0045] With such transmit signal as in FIG. 10, one of the
simplest ways of detecting the differences between the
responses to increasing or decreasing sweep excitations is the
subtraction of both responses. The result of subtracting the
echoes is shown in FIG. 11. A strong signal is obtained in this
case due to the different responses to the up and down sweep
signals of the microbubbles. The same subtraction would
show a negligible signal for other scatterers such as tissues.
[0046] Other detection methods can be used such as the
well known correlation methods, as described for example in
patent GB2404024, or any other suitable signal processing
techniques.

[0047] In order to maximize the resonance behavior of the
microbubbles, the maximum frequencies of the first and sec-
ond signals ought to be higher than 90% of the resonance
frequency of the microbubbles. In an improved embodiment
of the method according to the invention, the maximum fre-
quency is higher than 98% of the resonance frequency of the
microbubbles. The frequency sweeps can be chosen specific
functions of time, for example, the sweep of frequencies can
be linear or non linear functions of time, i.e. the frequency
sweep are linear or non linear modulation. In the examples of
FIGS. 6 and 7, the up and down sweep are chosen as linear
functions of time, centered on a base frequency that is the
mean value of the frequency sweep upper and lower bounds.
In FIG. 12, a linear and a quadratic (as an example of a non
linear modulation) modulation are shown.

[0048] The up and down frequency signal duration is typi-
cally of a few ps, and more specifically in the 4-6 us range, as
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in the examples of FIGS. 6 and 7. If suitable, longer chirp
signals up to 10 us may be used. The duration between the
successive first and second signal ought to be enough to avoid
any interferences between the echo signal from the up sweep
signal and the down sweep signal. The amplitude of the
transmitted signals, as in the example mentioned before, may
be of a few 10 kPa.

[0049] Theecho signals received from the bubbles might be
too long (due to the resonance behavior) and might not be
used as such for imaging. However compression techniques
can be used to create signals that are more suited to imaging
purposes. Such techniques are known from Misaridis Tex.,
Gammelmark K, Jorgensen C H, Lindberg N, Thomsen A H,
Pedersen M H, Jensen J A. in “Potential of coded excitation in
medical ultrasound imaging”, Ultrasonics. 2000 Mar., 38(1-
8):183-9, and from Borsboom J M, Chin C T, de Jong N. in
“Nonlinear coded excitation method for ultrasound contrast
imaging”, Ultrasound Med Biol. 2003 Feb., 29(2):277-84.
[0050] In FIG. 13, an apparatus for ultrasound imaging
according to the invention is shown. A pulse generator or
transmit source 1 is adapted to produce the up and down
frequency sweeps as described here before, and to direct them
onto a target object 11 in a system under investigation. The
pulse generator 1 is connected to an array transducer 2 for
generating ultrasound signals that are directed into the target
object 11 that contains the microbubbles 12. The transmit
source 1 and the array transducer 2 are irradiating means.
Ultrasound echo signals received from the target object 11 are
sensed by transducer array 2 and received at receiver 6 con-
nected thereto, acting as receiving means. The received echo
signals are analyzed, combined and processed by post pro-
cessing circuits 7.

[0051] The different up and down sweep signals shown in
FIGS. 6, 7, 10 and 13 are characterized by a Gaussian enve-
lope. This is due to the frequency response of typical array
transducers such as array transducer 2. Other envelope shapes
can be used as well.

[0052] The advantages of the method are first a better sen-
sitivity to the contrast microbubbles. The method presents a
cancellation of echoes emanating from tissue while amplify-
ing the bubbles echoes, and increasing by the same token the
contrast to tissue ratio. In addition, the method can operate in
a full linear mode and therefore take advantage of the full
transducer frequency bandwidth. Such a method for ultra-
sound contrast imaging can operate over the full transducer
frequency bandwidth. The method could also operate in non-
linear regime such as second harmonic or superharmonic (see
W003059169) but then will scarify the transducer bandwidth
except with a dedicated transducer.

[0053] The method can also be combined with current con-
trast imaging methods such as pulse inversion (as defined in
document U.S. Pat. No. 5,706,819, which consists in sending
a pulse signal followed by a second pulse of a different polar-
ity and detecting and combining the harmonic responses to
the first and second pulses) and/or power modulation.
[0054] A problem may arise when using the method
according to the invention in moving tissues. Indeed, the
tissue that contains the microbubbles can move in between
the first and second irradiated signals. Artifacts might appear
as a result when combining the echo signals to image the
target object. Such artifacts can advantageously be reduced
by sending several up and down sweep frequency signals as
described before. Through specific combination of the result-
ing echo signals, the movements of the tissue can be cor-
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rected, thus improving the imaging resolution. Such a method
is known from “NONLINEAR IMAGING”, Peter N.
BURNS,* David HOPE SIMPSON* and Michalakis A.
AVERKIOU, Ultrasound in Med. & Biol., Vol. 26, Supple-
ment 1, pp. S19-S22, 2000.

[0055] The method according to the invention is also appli-
cable to emboli detection since gas emboli consist of gaseous
microbubbles. The transmitted signals should be adapted
accordingly.

[0056] Optical and acoustical experiments have been car-
ried out to validate the theoretical findings. Optical measure-
ments have been carried out with a Brandaris camera operat-
ing at 15 MHz. FIG. 14 shows the results obtained with an
experimental contrast microbubble characterized with a 3.2
[Om radius. The microbubble was insonified with an up sweep
frequencies chirp of 1.7 MHz center frequency. The same
microbubble was then interrogated with a time reversed chirp
containing down sweep frequencies. The transmit acoustic
pressure was 200 kPa. The results are plotted in FIG. 14 as
radius time curves function of time. The upsweep frequency
chirp (top panel) shows highly damped oscillations of the
microbubbles indicating a wide band frequency response
whereas the reversed chirp engenders an oscillating bubble
response characterized by a longer radius time curve.

[0057] FIG. 15 shows the results obtained from acoustical
measurements when a tissue mimicking phantom was insoni-
fied with a first chirp and then its reversed replica. The trans-
mit parameters of the previous experiment were repeated. The
top panel of FIG. 15 shows the tissue response to the first
chirp and the bottom panel shows the tissue echo when
insonified with the reversed chirp. The result demonstrates a
similar response of the tissue mimicking material to both
excitations indicating that only oscillating structures (gas
bodies) react differently depending on the frequency sweep of
the transmitted chirp.

1. A method for detecting and imaging ultrasound echo
signals returned from a target object comprising
microbubbles, said microbubbles being characterized by a
resonance frequency, said method comprising the steps of:

irradiating said target object with at least a first and second

successive excitation signals, said first excitation signal
being a sweep of increasing frequency with time, and
said second excitation signal being a sweep of decreas-
ing frequency with time,

detecting echo signals of said first and second excitation

signals from said target object, and,

combining said echo signals

wherein the maximum frequencies of said first and second

excitation signals are lower than said resonance fre-
quency.
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2. A method according to claim 1, wherein the maximum
frequency of the first and second excitation signals are iden-
tical.

3. A method according to claim 1, wherein the first and the
second excitation signals have identical frequency sweep.

4. A method according to claim 1, wherein the second
excitation signal is the time reversed replica of the first exci-
tation signal.

5. A method according to claim 1, wherein the maximum
frequencies of the first and second signals are higher than
90% of the resonance frequency of the microbubbles.

6. A method according to claim 5, wherein the maximum
frequencies of the first and second signals are higher than
98% of the resonance frequency of the microbubbles.

7. A method according to claim 1, wherein the sweeps of
frequency are linear functions of time.

8. A method according to claim 1, wherein the sweeps of
frequency are non linear functions of time.

9. An apparatus for ultrasound imaging of a target object
comprising microbubbles, said microbubbles being charac-
terized by a resonance frequency, said apparatus comprising:

irradiating means to irradiate said target object with at least

a first and second successive excitation signals, said first
excitation signal being a sweep of increasing frequency
with time, and said second excitation signal being a
sweep of decreasing frequency with time,

detecting means to detect echo signals of said first and

second excitation signals from said target object, and,
combining means to combine said echo signals wherein the

maximum frequencies of said first and second excitation

signals are lower than said resonance frequency.

10. An apparatus according to claim 9, wherein the maxi-
mum frequency of the first and second excitation signals are
identical.

11. An apparatus according to claim 9, wherein the firstand
the second excitation signals have identical frequency sweep.

12. An apparatus according to claim 9, wherein the second
excitation signal is the time reversed replica of the first exci-
tation signal.

13. An apparatus according to claim 9, wherein the maxi-
mum frequencies of the first and second signals are higher
than 90% of the resonance frequency of the microbubbles.

14. An apparatus claim 13, wherein the maximum frequen-
cies of the first and second signals are higher than 98% of the
resonance frequency of the microbubbles.

15. An apparatus according to claim 9, wherein the sweeps
of frequency are linear functions of time.

16. An apparatus according to claim 9, wherein the sweeps
of frequency are non linear functions of time.
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