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Ultrasound Contrast Plane Wave Imaging
Olivier Couture, Mathias Fink, and Mickael Tanter

Abstract—Background: Monitoring the accumulation of mi-
crobubbles within tissue vasculature with ultrasound allows
both molecular and perfusion imaging. Unfortunately, conven-
tional imaging with focused pulses can destroy a large frac-
tion of the microbubbles it is trying to follow. Using coherent
synthetic summation, ultrafast plane wave imaging could at-
tain similar image quality, while reducing the peak acoustic
pressure and bubble disruption. Method: In these experiments,
microbubbles were flowed in a wall-less vessel phantom. Images
were obtained on a programmable clinical scanner with a set
of line-per-line focused pulses for conventional contrast imag-
ing and with compounded plane wave transmission adapted
for nonlinear imaging. Imaging was performed between 14 and
650 kPa peak negative pressure at 7.5 MHz. The disruption
of the microbubbles was evaluated by comparing the micro-
bubble intensity before and after acquisition of a set of 100
images at various pressures. Results: The acoustic intensity re-
quired to disrupt 50% of the microbubbles was 24 times higher
with plane-wave imaging compared with conventional focused
pulses. Although both imaging approaches yield similar resolu-
tion, at the same disruption level, plane-wave imaging showed
better contrast. In particular, at similar disruption ratio (50%
after 100 images), contrast-pulse sequencing (CPS) performed
with plane waves displayed an improvement of 11 dB com-
pared with conventional nonlinear imaging. Conclusion: In
each resolution cell of the image, plane-wave imaging spread
the spatial peak acoustic intensity over more pulses, reducing
the peak pressure and, hence, preserving the microbubbles.
This method could contribute to molecular imaging by allow-
ing the continuous monitoring of the accumulation of micro-
bubbles with improved contrast.

I. INTRODUCTION

THE presence of microbubbles causes a very large echo
on ultrasound images because of their high scattering
cross-section and resonance [1]. Additionally, their non-
linear acoustic response and propensity to disrupt[AU2:
What is meant by disrupt in this context?] facilitate
their detection with advanced pulse sequences [2]-[4].
Hence, a single bubble, 1 to 5 pm in diameter, flowing
through a capillary can be detected with a clinical ultra-
sound scanner. The injection of ultrasound contrast agent
is currently used to enhance contrast from blood and im-
prove the visualization of the coronary chamber [5] and
liver perfusion [6]. The exquisite sensitivity of ultrasound
to its contrast agents also triggered the interest in their
application to molecular imaging. By functionalizing mi-
crobubbles with antibodies or short peptides, it is possible
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to enhance drastically their affinity to thrombus, arterio-
sclerotic plaque [7] and neovasculature [8] through specific
biological targets.

The accumulation of microbubbles in a tumor through
molecular interaction is a dynamic process [9]. After injec-
tion, the microbubbles flow through the entire vasculature
and accumulate within neovasculature by attaching them-
selves to their target. Meanwhile, the free-flowing micro-
bubbles are slowly eliminated by their passage through
the lungs and the liver. After a 10 min waiting period, it
is generally considered that the contrast enhancement is
due to microbubbles targeted to the biomarker of inter-
est. Meanwhile, the entire dynamic of microbubble specific
uptake can yield helpful information because it is linked to
total blood flow, blood volume, site-specificity, and ligand
affinity [10]. To obtain estimates of these physiological pa-
rameters, images of the contrast agents should be taken
at a fast rate and with sufficient contrast-to-tissue ratio.

However, microbubble imaging very often suffers from
a quantum-mechanic-like conundrum, wherein the very
detection of the contrast agents by the ultrasound scan-
ner can induce their disappearance. Indeed, ultrasound
contrast agents can be disrupted by acoustic waves at fair-
ly low pressures, down to 300 kPa at 7.5 MHz [11], [12].
Unfortunately, these pressure levels are often required for
their distinction from tissue. Because of the fragility of
the microbubbles, sonographers generally must reduce the
acoustic pressure and the frame-repetition frequency to
a minimum (down to 1 image every 15 s with an MI =
0.25 at 7 MHz in Tardy et al. [8]) to preserve the contrast
agents for functional imaging in slow flow conditions. This
trade-off dramatically reduces the amount of information
available in perfusion and molecular imaging with ultra-
sound. A solution to this unsatisfying compromise would
require an imaging technique that preserves the contrast
between the microbubble and the surrounding tissue while
reducing the disruption induced by the imaging itself.

In the past decade, the concept of ultrafast imaging
based on the successive transmissions of ultrasonic plane
waves was introduced in the ultrasound community [13],
[14]. Indeed, an image with a large field of view can be
beamformed from a single plane wave if its echoes are
recorded by a sufficient number of parallel reception chan-
nels. Such plane-wave imaging was first applied to transient
elastography [13] and then to shear wave elastography in
conjunction with acoustic radiation force pulses [15]. The
combination of compounded plane wave transmissions was
then introduced for ultrafast vector Doppler imaging [14]
and recently for high-quality ultrafast B-mode imaging
[16]. The application of plane wave compounding to blood
flow measurements also led to ultrafast Doppler for car-
diovascular applications and ultrasensitive Doppler [17]
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for functional brain imaging [18]. The research prototypes
leveraged by our group in the last decade led to the devel-
opment of an ultrasound research platform which is only
limited by the delay to echo and can attain 20000 frames
per second. Such frame-rates, however, require numerous
acquisition channels (typically 128) and the capacity to
transfer and beamform hundreds of megabits per seconds.
They are plagued by low SNR and contrast. Because all
pixels of the image are interrogated by the same pulse,
the acoustic energy is spread rather than focused. How-
ever, Montaldo et al. [16] have shown that the SNR and
contrast can be retrieved by emitting plane waves at vari-
ous angles and compounding the beamformed coherent
images. With a limited number of plane waves, an image
equivalent to focused imaging can be obtained. Moreover,
because no transmit focusing is involved, the synthetic re-
combination of plane wave transmissions provides a virtu-
al dynamic focusing in the transmit mode and the quality
of the image is preserved over the entire depth as opposed
to conventional imaging.

Ultrafast imaging has already been exploited to mea-
sure the dissolution of microbubbles at frame rates of
250 Hz [19], the formation of bubbles from gas precur-
sors during drug delivery [20], and the super-localization
of microbubbles [21]. Interestingly for microbubble imag-
ing, in plane wave compound imaging, each part of the
imaged volume is subjected to a large number of pulses
at low acoustic amplitude, rather than one pulse at high
peak pressure in conventional imaging. Because the de-
stabilization of microbubbles is linked to their relative
expansion and compression during insonification [11], con-
trast agents should be less prone to destruction at lower
acoustic amplitudes. Designing nonlinear pulse-sequences
for plane-wave imaging could therefore drastically reduce
bubble disruption and improve the monitoring of their
uptake during molecular imaging with ultrasound.

Our objective is to describe new plane wave nonlinear
pulse sequences and apply them to a simple in vitro model
of microbubbles flowing within a wall-less vessel phantom.
We first compare the disruption of the microbubbles with
focused and plane waves. Then, we shall examine a stan-
dard sequence, contrast pulse specific (CPS),[AU3: CPS
is defined elsewhere as contrast pulse sequence. OK
to delete? Please check usage of CPS throughout.]
applied to plane wave imaging.

II. METHODS

A wall-less phantom was molded by pouring an agar
(3%) gel around a 5-mm-diameter Teflon rod. Cellulose
(1%) was added to the agar to obtain a tissue-like appear-
ance on ultrasound images [22]. The resulting tunnel was
connected with tubing to a gravity-based flow-system pro-
vided by a 1-L container stirred magnetically. Gas-equil-
ibrated water was used as a control [23]. Experimental
microbubbles (NA3507, Bracco Suisse SA, Geneva, Swit-
zerland) were prepared as described by the manufacturer,

resulting in a concentration of 2 x 10% bubbles/mL. They
were then drawn from the vial with an 18G needle and
diluted to a 1/5000 concentration in gas-equilibrated wa-
ter, before the solution was flowed within the flow-system.

Imaging was performed in a plane perpendicular to the
vessel, at 25 mm depth with respect to the transducer-gel
interface. The 8-MHz 256-element array was connected
to a Supersonic Imagine elastography scanner (Aixplorer,
Supersonic Imagine, Aix-en-Provence, France); see Fig. 1.
A layer of rubber was added between the array and the gel
to attenuate the signal and further reduce bubble disrup-
tion. Pulse sequences were programmed on the open ultra-
sonic system with Matlab (The MathWorks Inc., Natick,
MA), giving access to the full emission pattern and beam-
forming, along with the raw RF data. Pulses were emitted
at 7.5 MHz with 33% —6-dB bandwidth, at a constant
pulse rate of 5 kHz for both for plane and focused imag-
ing. The probe was a linear array (256 elements, 200 pm
pitch, 20 mm elevation focus, Vermon, Tours, France).
Conventional focused imaging was performed with a sin-
gle-focus scanned over the 128 lines at z = 25 mm depth,
with a ratio f/d = 4 and at amplitudes varying from 55 to
650 kPa peak negative pressure (PNP). Ultrafast imaging
was performed by emitting 121 plane-waves steered from
—12° to 12° and beamforming the resulting echoes a poste-
riori. The number of plane waves was defined so that the
imaging time, contrast, and resolution would be compara-
ble to that of the conventional focused imaging. The am-
plitudes of the plane waves, in the same conditions, were
14 to 311 kPa PNP. Prior to the experiment, the pressures
emitted by the transducer at 25 mm for the various modes
were measured with a calibrated hydrophone (HGL0200,
Onda Corp., Sunnyvale, CA).

Plane and focused imaging were modified for nonlinear
imaging. Contrast pulse sequence (CPS, [24]) imaging is
sensitive to the expansion ratio of a bubble submitted
to a pulse of full amplitude and two other pulses of half
amplitude (Fig. 2). Nonlinear imaging was performed by
interleaving 3 pulses for each emission. First, the odd ele-
ments of the array were fired, then a full-amplitude pulse
of inverted polarity was emitted, then the even elements
of the array were fired (a 3-pulse sequence: 1/2, —1, 1/2).
The CPS was obtained by summing echoes from these
three pulses. To control for contrast induced by simple
decorrelation of the microbubbles, a sequence was added
4 in whichidentical pulses were emitted and differentiated.
Each imaging sequence consisted of 128 x 4 (focused) or
121 x 4 (plane) emissions, which were processed coher-
ently after the acquisition.

For disruption imaging, the flow was stopped for more
than 25 s and, then, each imaging sequence was repeated
100 times over the tube, every 0.4 s. The same popula-
tion of microbubbles was hence submitted to a succession
of acoustic waves comparable to those used in molecular
imaging with ultrasound. A fresh bolus of 5 mL of mi-
crobubbles was injected for each experiment, separated
by about 75 s. Both plane waves and focused waves were
tested 5 times at each amplitude.
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Fig. 1. Setup for the disruption and contrast experiment. Microbubbles
are injected through a wall-less vessel, transversal to the plane of imag-
ing. The various pulse sequences are emitted by an 8-MHz transducer
array connected to an ultrafast elastography scanner.

Contrast levels were comparable between CPS-focused
and plane-wave imaging for microbubbles flowing at 3 mL/
min inside the tube. The flow was optimized to reduce ar-
tifactual contrast induced by decorrelation and provide
fresh microbubbles for each experiment. The two pulse
sequences were tested at various amplitudes, in a random
order, and the resulting echo from contrast was compared
with the echo from the tissue phantom. To determine the
CTR, the intensity was averaged over the region around
the center of the vessel in the ultrasound image as com-
pared with the average in the tissue phantom at the same
depth. The decorrelation signal was tested with the same
flow conditions.

III. RESULTS AND DISCUSSIONS

To determine the sensitivity of microbubbles toward
the conventional focused pulses and the plane-wave pulses,
these two types of imaging were repeated 100 times over
a static population of contrast agents. The difference in
ultrasound intensity within the wall-less vessel before and
after this sequence was considered to be the disruption
ratio. As shown in Fig. 3(a), the disruption ratio increased
with PNP following an exponential curve (kgeused = 7-1
+ 0.8, kplane = 12 & 2). The plateau value, i.e., the point
of complete disruption, was 0.99 + 0.04 for focused waves
and 1.05 + 0.07 for plane waves. The plane-wave sequence
disrupted microbubbles in greater number because, at
similar PNP, each pixel received 10 times more acoustic
energy spread over 121 compounded angles. However, the
difference between the two curves remained quite small,
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Fig. 2. (a) In conventional focused imaging, ultrasound waves are elec-
tronically focused in emission and reception on each line. (b) In plane-
wave imaging, the transducer emits a plane wave and the received echoes,
collected on all channels in parallel, are beamformed synthetically. Unfo-
cused plane-waves attain lower pressures, but the SNR and contrast are
compensated by the emission of multiple plane waves at various angles
(compounding). (c) Nonlinear microbubble detection exploits a combi-
nation of the ultrasound echoes after the emission of different pulses.
Pulse-inversion is the summation of the echoes from two pulses of op-
posite polarity, which cancels tissue signal responding in a linear fashion.
Amplitude modulation is the subtraction of the echoes from one pulse
from the summation of the echoes from two half-pulses emitted with a
fraction of the transducers. Contrast pulse sequencing (CPS) is a combi-
nation of these two techniques. In this paper, focused imaging and plane
wave imaging are compared for CPS in which the echoes of the following
three pulses are compared: 1/2, —1, 1/2.

demonstrating that the PNP was the main determinant
for microbubble disruption. In Fig. 3(b), the same behav-
ior is plotted with respect to the spatial-peak temporal
average intensity (Igpra) impinging on each pixel. Note
that the local pressure at z = 25 mm corresponds to the
elevation focus of the probe. Also note that the exposure
of the pixel from neighboring lines is not taken into ac-
count for the focused beam intensity measurements. To
attain a similar disruption (50%), plane-waves can deposit
24 times more energy than focused waves, highlighting the
dominant contribution of the PNP over the total energy.
Hence, a single high-pressure pulse (focused) appeared to
disrupt more microbubbles than several lower pressure
pulses (plane wave).
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Fig. 3. (a) Disruption ratio after 100 images obtained with conventional
focused imaging or plane wave imaging. The ratio is calculated with the
intensity of the microbubble echo at the first and last imaging of the full
sequence. In plane-wave imaging, each pixel is insonified 121 times rather
than a single time in focused imaging. Hence, at the same peak negative
pressure (PNP), plane-wave imaging disrupts slightly more bubbles. (b)
Disruption ratio as calculated with respect to the total intensity received
at each pixel for a single image. Plane-wave imaging spread the energy
over more pulses at lower pressure. Because microbubbles are sensitive
to the PNP, rather than the total energy, the 50% disruption point is
only observed at 0.47 mW /cm? for plane-wave imaging, compared with
0.02 mW /cm? for focused pulses. Less acoustic energy can be emitted
with focused pulses before disruption of microbubbles occurs.

For contrast measurements, bubbles were slowly flowed
through the wall-less vessel phantom and imaged with
conventional focused pulses and plane-waves. Nonlinear
detection was performed through combinations of the
echoes of the 3 pulses (1/2, —1, 1/2, each separated by
200 ps), a CPS. In the case of focused imaging, each of
these sums represented one nonlinear A-line, which could
then be stacked to form a B-mode image. For plane wave
imaging, these sums formed one entire nonlinear image
obtained at a single angle. The images obtained at dif-
ferent angles were then added coherently to form a com-
pounded plane-wave nonlinear B-mode. In both cases, for
plane-wave and conventional imaging, the time between
the pulses 1/2, —1, and 1/2 was the same (200 ps). The
images shown in Fig. 4 were taken at low PNPs so that
only 25% of the bubbles would be destroyed after 100
images for both plane-wave and focused imaging. For a

concentration of bubbles of 1/5000, the fundamental (lin-
ear) imaging displayed a lower contrast within the vessel
than in the tissue phantom. As seen in Fig. 4(a) and 4(b),
the contrast obtained with 121 compounded planes-waves
rather than 128 focused pulses is slightly improved and
more homogeneous (plane: —9.6 and focused: —6.9 dB).
This enhancement involving less pulses and lower PNP
with plane-wave imaging was already observed by Montal-
do et al. [16]. The border of the vessel appeared to be well
defined in both types of imaging, which also had similar
spatial frequency content. Other experiments (not shown)
also showed that the image of a point scatterer (a 100-pm
wire) was similar between the two imaging techniques.
Consequently, the same resolution could be achieved by
coherently summing the contribution from compounded
angles compared with focused imaging.

CPS is the result of the addition of pulse 2 (full array
emitting inverted polarity), to pulse 1 and 3 (even and
odd elements). At pressure yielding 25% disruption rate
after 100 images, CTR was positive in conventional fo-
cused waves. As shown in Fig. 4(d), this contrast method
was improved by 11 dB with plane-wave illumination. The
vessel containing microbubbles was brighter and more uni-
form.

The evolution of the average contrast between the ves-
sel and the surrounding tissue phantom with the incident
pressure is shown in Fig. 5(a). As previously noted, for
a specific PNP, the total incident acoustic energy at any
point was much larger with plane-wave imaging because
each pixel was insonified 121 times rather than once. The
contrast-to-tissue ratio for fundamental imaging was seen
to decrease slightly and attained —17 dB for plane wave
imaging and —10 dB with conventional focused imaging.
Because the bubble concentration was low (1/5000), any
improvement in the images was expected to decrease the
negative contrast with tissue. CPS applied to conventional
focused imaging displayed a regular increase from the low
PNP before attaining a peak after 0.3 MPa. This line also
represented the pressure at which 90% of the microbubbles
would be destroyed after 100 images. Hence, maximum
contrast in conventional imaging was only reached when
most microbubbles would disappear. The maximum con-
trast was 13.6 dB for CPS (at 0.30 MPa, 82% disruption
rate). However, as described later, part of this contrast
was probably a result of decorrelation induced by the mo-
tion or disruption of the bubbles at such high pressures.

Nonlinear sequences with plane-wave imaging showed
a very different behavior. First, contrast peaked at much
lower pressures, 0.05 MPa PNP for CPS. Such pressures
corresponded to a lower disruption rate after 100 images;
conventional imaging, 82% and plane-wave imaging 50%.
CPS reached 16-dB contrast with respect to tissue phan-
tom at 0.05 MPa PNP.

Fig. 5(b) shows the same variations, but with respect
to the Igpra, a measure of the total power impinging on
a pixel. Because the acoustic energy deposited at any
point is higher with plane-wave imaging, the curve was
moved to the right of the graph. Because higher PNPs
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Fig. 4. Image obtained with the 4 pulse-sequences with (left) focused imaging and (right) plane-wave imaging for a similar, 25%, disruption ratio of
microbubbles after 100 images (focused: 55 kPa peak negative pressure and plane waves = 40 kPa). The contrast level (40 dB) is normalized to the
tissue-phantom on the right of the image and 9 images are averaged. At similar disruption ratio, microbubbles imaged with plane waves are more
contrasting than with focused pulse-sequences. Contrast-to-tissue ratio (CTR) for each image: (A) fundamental focused = —6.9 Db, (B) fundamental
plane = —9.6 dB, (C) contrast pulse sequencing (CPS) focused = 4.2 dB, (D) CPS plane = 16.7 dB.

were reached with conventional focused imaging, the
Ispta at which 50% bubble disruption is observed was
much lower. Both imaging methods clearly displayed a
peak in contrast. This maximum is the result of the gain
in SNR and the decorrelation of the signal resulting from
the motion of the microbubbles and their disruption. The
peak was attained when 50% of the microbubbles were
destroyed for plane-wave and at a much high disruption
rate for conventional focused imaging. Interestingly, the
contrast attained in CPS by plane wave imaging appeared
to be the continuation of the curve corresponding to con-
ventional focused imaging. Such behavior highlights the
fact that contrast is linked to the total energy impinging
on the microbubbles. This intensity could be increased
significantly with plane wave imaging without inducing
rapid disruption, thus resulting in two gain effects on the
bubbles contrast: the accumulation of transmitted energy
and the reduction of acoustic pressure.

In molecular imaging with ultrasound, an increase in
contrast from the microbubbles with respect to tissue
must be attained without affecting the survival of the con-
trast agents to allow a study of the binding dynamic. Fig.
5(c) shows the same CPS contrast, but with respect to
the disruption rate of the microbubbles after 100 images.
At 50% disruption ratio, plane-wave imaging had 11 dB
higher contrast than conventional focused imaging with
CPS. The peak contrast for focused imaging was only at-
tained when a high fraction (>90%) of the microbubbles
were disrupted.

In multiple pulse sequences imaging, several factors can
induce contrast. Ideally, the nonlinear effect from micro-
bubbles can reveal itself through an asymmetry in their
compression and expansion phase (pulse-inversion, [25])
or through a disproportionate expansion of the gas with
respect to the pressure (amplitude modulation, [4]). How-
ever, the contrast-to-tissue ratio can be degraded by the
nonlinear scattering from tissue at higher acoustic pres-

sures, requiring compensation techniques [26]. Moreover,
additional variations between the echoes of the pulses
within the sequence can be induced by the motion of the
scatterers or their disruption [27]. These effects are arti-
factual because they are not truly representing the nonlin-
earity of the echo of the microbubbles, but rather changes
which could also affect other kinds of scatterers such as
red blood cells. As a consequence, there is a real gain in
combining multiple compounded transmissions at a low
pressure level.

To produce Fig. 6, the 3 pulses sequence (1/2, —1,
1/2) was converted to a sequence of 4 identical pulses
(1,1,1,1). Differential imaging was implemented by sum-
ming the absolute difference of the echoes between each of
these images. Such a sequence should have revealed any
effect induced by decorrelation, because the absence of
motion and disruption should not yield any contrast. As
shown in Fig. 7, plane-wave imaging, at any PNP within
the range considered, did not induce any decorrelation
contrast between the vessel and the surrounding tissue
phantom. However, focused pulses caused important vari-
ation within the medium because decorrelation CTR in-
creased to 12 dB. Such changes between pulses can be due
to fast disruption happening within the 4 pulses-sequence
itself or bubble motion induced by the radiation pressure
caused by the high intensity attained by single pulses. Be-
cause PNP was lower for plane-wave imaging, neither dis-
ruption nor radiation push was noticeable. Consequently,
plane-wave contrast observed in previous experiments was
detected through the nonlinear behavior of bubbles itself,
whereas the contrast in conventional focused imaging was
a combination of the nonlinearity of the microbubbles and
signal decorrelation.

The gain in contrast obtained from plane-wave imag-
ing appeared to be dependent on the increased number of
insonifications on each pixel and the spread of a higher
acoustic energy over these compounded angles. As shown



6
—
Q 1 ]
£ Q
T 15 r d 1
S 10{ '
2 ' '
e 54 1 DHCPS-Foc
% . *.8 -0 CPS-Plan
LT 0; 1 .p
& (] 1 <Fun-Foc
= -5 1 i ®Fun-Plan
o
(7]
& -104 NH\._L.__.—.——-——
‘E .’-..-. . :‘QQ % Focused
8 -15% 1,40 % p,ane".-o.__. Disruption
: Disruption
0.0 0.2 0.4 0.6
Peak-Negative Pressure (MPa)
@)
1 LesO =TT 0,
1 8 .bvo.
=t
S 1
= 11 dB gain
o 1
£
S
&)
(%)
£ =" -.
O 0 Plane-wave imaging :.
O Conventional focused imaging L
© 025 050 075 = 1.00
Disruption Ratio
©

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. TBC, no. TBC, TBC TBC

1 TFCPS - Foc oo
=
o 15 " o-CcPS-Plan _ O i
3 1 1 %.._O"Q
L 1§ - L8
© ] D‘D
x 5 ! 3
] 1 : &,
(73 1 1 %
@ - 8-
b 50 % Disruption 50 % Disruption
"? -5 Foc.used Pla.ne
5 o .\1—.—-—-‘__._'_"._.,.
*g ' yoe-ee
o -15 ' -&-Fun- Foc : Veoq
1 “®Fun-Plan 5 e
0005 005 0.5 5
Ispra (MW/ecm?)
(b)

Fig. 5. (a) Summary of the average contrast between the intensity of microbubbles and tissue in the ultrasound image with the 4 pulse sequences. In
contrast pulse sequencing (CPS), the highest microbubble contrast is 16.1 dB with respect to tissue with plane waves and 13.7 dB for focused waves.
Moreover, at the peak CPS contrast for plane waves, 40% of the bubbles are destroyed, compared with 89% for the peak CPS contrast for focused
waves. (b) Average contrast of the intensity of microbubbles and tissue in the ultrasound images with respect to the total energy density deposited
on each pixel. Because plane-wave imaging spread the energy on each pixel over multiple compounded pulses of lower peak negative pressure (PNP),
the total energy emitted is higher than for focused pulses. This increased intensity allows a higher contrast-to-tissue ratio (CTR), despite a reduced
disruption ratio. (¢) CTR in CPS for plane wave and focused imaging. To preserve 50% of the bubbles after 100 images, PNP must be reduced in
conventional focused imaging and only 5 dB in contrast is observed with respect to the tissue-phantom. At the same disruption ratio, plane-wave

imaging attains 16 dB in CTR.

in Fig. 7, the contrast-to-tissue ratio increased linearly
with the square root of the number of compounded an-
gles summed to obtain one image. This relationship held
true until the further addition of compounded plane-wave
angles between the set limits of —12° to 12° caused the
measurements to become dependent on each other. For
echoes to be independent in these conditions, a minimum
difference of 0.5° was required between the angles. Only 5
emissions were necessary to attain the same contrast be-
tween plane-wave imaging and conventional focused imag-
ing. Consequently, for equivalent contrast-to-tissue ratio,
plane-wave imaging could be performed 25 times faster.
This paper described the implementation of contrast
plane wave imaging. The synthetic coherent recombination
of such unfocused beams leads to a significant increase in
contrast and reduction in microbubble disruption in com-
parison with conventional contrast imaging using focused

beams. Some parameters were kept constant to allow a
fair comparison, such as the frequency or the total number
of pulses emitted. Nevertheless, contrast plane-wave imag-
ing could be made significantly faster (up to 5000 images
per second) because only a few angles must be summed
during coherent compounding to obtain comparable CTR.
Such frame rates might appear superfluous for convention-
al imaging, but they become essential for monitoring the
diffusion rate of microbubbles [19], which could provide
information on the static pressure or the geometry of the
surrounding vessels. Moreover, super-localization imaging
of microbubbles, which improves resolution to 6 pm at
1 MHz [21], also requires very fast frame rates to observe
minute changes affecting microbubbles within 1 ms.
Plane-wave imaging can thus attain optimal contrast
below 50 kPa, at which the microbubbles are unlikely to
disrupt, while retaining a nonlinear behavior [28]. How-
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Fig. 6. Effect of the decorrelation of the echo on the microbubble detec-
tion. Any motion in the medium between pulses of the same sequence
induces a decorrelation artifact, which is independent of the nonlinear
nature of the microbubbles. Because agents in solution are both pushed
by radiation pressure and rapidly destroyed, such effects can create a
false contrast. Four identical pulses were emitted following the same tim-
ing as the nonlinear sequences exposed previously. Differential imaging
demonstrates that higher pressures induced by focused pulses move and/
or destroy microbubbles rapidly and create decorrelation contrast. This
artifact is not observed with plane-wave imaging.

ever, we could envision reducing the acoustic pressure
even more. Indeed, beamforming can also be performed
through the recombination of the echoes obtained from el-
ement-by-element emissions [29]. This technique could re-
trieve similar resolution for pressure levels below 10 kPa,
but would not induce nonlinear behavior in microbubbles.
In fact, plane-wave imaging lies between two extremes,
between the low pressures used in element-by-element
imaging and the high pressures used in focused imaging.
Fortunately, the pressures used in plane-wave imaging (50
to 100 kPa) also correspond to the proper compromise
between nonlinear behavior of the microbubbles and their
disruption threshold.

IV. CONCLUSION

Compared with conventional contrast imaging, con-
trast plane-wave imaging leads to a significant increase of
the contrast-to-tissue ratio of contrast-specific sequencing
(CPS) at a specific disruption ratio. Such a gain is due to
the spread of the acoustic energy over many pulses, thus
reducing the maximum peak pressure without compromis-
ing the total acoustic energy used. The resulting increase
in intensity attained with plane-wave, without bubble
disruption, leads to the increase in contrast. Preserving
microbubbles and enhancing their detection during long
imaging procedures could drastically improve molecular
and perfusion imaging. For instance, a constant monitor-
ing of the contrast agents’ progression could yield better
measurements of total blood volume, flow, attachment effi-
ciency, and ligand affinity. With nonlinear plane-waves im-

Square-root of number of angles

Fig. 7. Contribution of the number of compounded plane waves (angles
from —12° to 12°) to the total contrast-to-tissue ratio (in linear ampli-
tude) at 50 kPa peak negative pressure (PNP). To produce a compound
plane-wave image, several beamformed images obtained at different an-
gles of insonification are coherently summed. In this case, the contrast
increases with the square root of the number of angles (R? = 0.99) for
40 angles between —12° to 12°. When a higher number of angles was
used (less than 0.5° between angles), the resulting images were no longer
independent and the contribution of each image to the overall contrast
was no longer linear.

aging, ultrasound would still benefit from its exceptionally
high frame rate even when performing molecular imaging.
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