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ABSTRACT

Ultrasound is playing an emerging role in molecular and cellular imaging thanks to new micro- and nanoscale contrast agents and reporter
genes. Acoustic methods for the selective in vivo detection of these imaging agents are needed to maximize their impact in biology and
medicine. Existing ultrasound pulse sequences use the nonlinearity in contrast agents’ response to acoustic pressure to distinguish them from
mostly linear tissue scattering. However, such pulse sequences typically scan the sample using focused transmissions, resulting in a limited
frame rate and restricted field of view. Meanwhile, existing wide-field scanning techniques based on plane wave transmissions suffer from
limited sensitivity or nonlinear artifacts. To overcome these limitations, we introduce an ultrafast nonlinear imaging modality combining
amplitude-modulated pulses, multiplane wave transmissions, and selective coherent compounding. This technique achieves contrast imaging
sensitivity comparable to much slower gold-standard amplitude modulation sequences and enables the acquisition of larger and deeper
fields of view, while providing a much faster imaging framerate of 3.2 kHz. Additionally, it enables simultaneous nonlinear and linear image
formation and allows concurrent monitoring of phenomena accessible only at ultrafast framerates, such as blood volume variations. We
demonstrate the performance of this ultrafast amplitude modulation technique by imaging gas vesicles, an emerging class of genetically
encodable biomolecular contrast agents, in several in vitro and in vivo contexts. These demonstrations include the rapid discrimination of
moving contrast agents and the real-time monitoring of phagolysosomal function in the mouse liver.
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Ultrasound imaging enables the assessment of organ anatomy
and function with high spatial and temporal resolution (typ-
ically<500lm and 10ms). Recently, ultrasound has gained increasing
capabilities for molecular and cellular imaging due to the development
of micro- and nanoscale contrast agents and reporter genes capable of
targeting specific disease states1–3 or visualizing cellular processes,
such as gene expression and enzyme activity.4–6 For example, biomo-
lecular contrast agents known as gas vesicles (GVs)7 can be used to
enhance hemodynamic imaging,8 visualize lysosomal function,9

become functionalized with binding domains to target specific cells,10

or expressed heterologously as reporter genes or biosensors in bacte-
ria4,6 and mammalian cells.5 GVs comprise a 2-nm-thick protein shell,
enclosing a cylindrical compartment of air with a typical diameter of
�85nm and length of 500nm.11 Certain GV types exhibit strongly
nonlinear responses to acoustic pressure, manifesting as reversible
buckling of their shell,12–14 which results in nonlinear scattering of
ultrasound [Figs. 1(a) and 1(b)]. Contrast agents, such as GVs, can be
detected with improved sensitivity and specificity using ultrasound

imaging paradigms, such as amplitude modulation (AM). Parabolic
amplitude modulation (pAM)13 and cross-propagating amplitude
modulation (xAM)15 pulse sequences perform line-by-line scans of
the media, transmitting triplets of pulses of relative amplitudes 1=2, 1=2,
and 1. Despite being well-suited for GV imaging in biological samples,
both pAM and xAM are limited by their imaging depth and framerate,
preventing the monitoring of fast nonlinear events across the imaging
plane. Ideally, nonlinear imaging of contrast agents should cover the
entire field of interest, provide deep penetration, produce a fast framer-
ate, and allow the simultaneous acquisition of other information, such
as blood flow or tissue motion.

To address these challenges, we introduce ultrafast amplitude
modulation (uAM), a nonlinear paradigm inspired by coherent plane
wave compounding for very high frame rate ultrasonography.16 uAM
acquires nonlinear images through the coherent summation of ultra-
sound signals obtained after transmission of successive tilted,
amplitude-modulated, plane waves. In general, plane wave imaging
enables rapid one-shot coverage of the entire field, and has been
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FIG. 1. Nonlinear response of GVs and schematic representation of the uAM pulse sequence with N¼ 4 angles. (a) The nonlinear scattering behavior of GVs insonified above
their buckling pressure enables their detection with AM [adapted from Maresca et al., Phys. Rev. X 8, 041002 (2018). Copyright 2018 Author(s), licensed under a Creative
Commons Attribution (CC BY) license].15 (b) Schematic scattering intensity curve of GVs as a function of incident pressure. (c) Schematic representation of the uAM pulse
sequence for N¼ 4 angles: (i) AM pulses are combined with MPW transmissions17 and repeated four times with different polarizations. The polarity combinations are given by
the columns of the Hadamard matrix of order 4. (ii) After subtraction of the signals elicited by the two half-amplitude pulses from the full-amplitude one, the nonlinear response
appears in the RF data. (iii) The “Hadamard summing” step results in the following combinations: addition of positive nonlinear echoes, subtraction of positive nonlinear echoes,
addition of opposite polarity nonlinear echoes and subtraction of negative nonlinear echoes. The results of these combinations are, respectively: a positive echo of amplitude N
(N¼ number of summed echoes), zero, a nonlinear signal, zero. (iv) Following the lines of the Hadamard matrix of order 4, “Hadamard RF” data are obtained where each
plane wave is retrieved individually with an amplitude 4. However, H1 also exhibits successive nonlinear echoes. (v) To obtain a final image without nonlinear artifacts, coherent
compounding is applied with all the Hadamard RF except H1, and a last beamforming step creates a nonlinear image. (vi) The same acquisition can be used for linear monitor-
ing by summing the contributions of half-amplitude pulses instead of subtracting them.
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combined with amplitude modulation to image microbubbles with
reduced bubble disruption,17 However, plane wave pulse sequences
typically generate less signal relative to noise per pulse than parabolic
or cross-propagating paradigms. The three typical solutions to coun-
terbalance this limitation are increasing the transmit amplitude,
increasing the number of compounded angles or averaging multiple
sequentially acquired images. However, contrast agents, such as GVs,
require imaging within a specific range of pressures [Fig. 1(b)]—
typically between 200 kPa (nonlinear regime) and 600 kPa (collapse)
for the GV type used in this study,10 while temporal averaging—by
increasing the number of tilted angles or averaging multiple sequential
images—leads to a reduced framerate.

To overcome these limitations, uAM combines amplitude modu-
lation with multiplane wave (MPW) transmission and selective coher-
ent compounding. MPW imaging, which comprises the successive
transmission of polarized plane waves within a single echo return
period, was introduced in 2015 as a means to increase the linear sig-
nal-to-noise ratio (SNR) in ultrafast imaging.18 We endeavored to per-
form MPW nonlinear imaging by using MPW transmissions with
modulated amplitudes. However, because it is based on the recombi-
nation of inverted polarity pulses, the Hadamard encoding scheme of
MPW transmissions generally requires the assumption of linear scat-
tering, with nonlinear media producing pulse inversion artifacts.19,20

We hypothesized that we could circumvent this limitation by intro-
ducing a new coherent compounding approach that takes selective
advantage of a subset of Hadamard sums in which the pulse inversion
artifacts are canceled. Moreover, we hypothesized that the ultrafast
frames recorded during the resulting AM-adapted MPW acquisitions
could be processed for dynamic linear and nonlinear signals, enabling,
for example, simultaneous blood flow measurement.21 In this Letter,
we start by describing the ultrasound transmission sequence and signal
processing algorithm underlying uAM. Next, we compare the perfor-
mance of uAM to pAM and xAM in static nonlinear imaging of GVs.
We then test the ability of uAM to visualize the motion of flowing
GVs in acquisitions lasting a few milliseconds. Finally, we use uAM to
image phagolysosomal function in mice, demonstrating the ability to
visualize both biomolecular contrast and blood flow simultaneously in
a single pulse sequence.

In uAM, bursts of N successive tilted plane waves are repeated
three times with modulated amplitude: two bursts of half amplitude
(achieved by silencing, respectively, the odd and even elements of the
transducer) and one burst of full amplitude. After reception, the sub-
traction of the two half-amplitude bursts from the full amplitude burst
allows the elimination of linear signal and the capture of specifically
nonlinear responses [Fig. 1(c-ii)]. On the contrary, the addition of the
modulated pulses results in the capture of the linear response. The trios
of modulated MPW bursts are then repeated N times, and for each
repetition, the polarities of the successive plane waves are given by the
column of the Hadamard matrix of order N [Fig. 1(c-i), supplementary
material].

In conventional MPW imaging, the contribution of all the
Hadamard RF data is summed using appropriate offsets of si to pro-
duce a coherent recombination of compounded plane wave signals.
We, however, found that the first Hadamard summation systemati-
cally leads to a pulse-inversion-like summation of polarized pulses22

and, therefore, carries inappropriately time-delayed echoes in the
recombined signals. This problem is created by nonlinear media, such

as contrast agent inclusions, and has been described in.19,20,23 In addi-
tion, we found that all subsequent Hadamard summations do not
result in pulse inversion artifacts [Figs. 1(c-ii)–1(c-iv), supplementary
material]. To, therefore, benefit from the strength of MPW imaging
without creating undesirable nonlinear artifacts due to recombined
polarized signals, we introduce selective coherent compounding of all
Hadamard RF data except the first one (H1), obtaining a compounded
data set C [Fig. 1(c-v)],

C ¼
XN

i¼2 Hi t � sið Þ:

We then can beamform C by applying a delay-and-sum algorithm
and obtain a final nonlinear image S, where harmonic residues at inap-
propriate time delays resulting from pulse inversion nonlinearity have
been eliminated. The resulting image is expected to contain (N � 1)
times the signal obtained with a single plane wave. Linear reconstruc-
tion similarly benefits from selective compounding with a reduction of
nonlinear residues [Fig. 1(c-vi)].

To validate the uAM pulse sequence, we first imaged a 200-lm-
diameter cylindrical inclusion of GVs (1 nM) in a 1% agarose phan-
tom [Fig. 2(a)] using four angles (uAM-4) [Fig. 2(b)]. Subtraction of
the signals elicited by the two half-amplitude bursts from those
received after full-amplitude transmission resulted in backscattered
AM echoes along the vertical line crossing the inclusion after each
MPW burst [Fig. 2(c)]. After standard Hadamard summation, the
sums H2, H3; and H4 each exhibit a single high amplitude echo with
an appropriate time delay, but H1 carries four echoes: the first result-
ing from the summation of the four in-phase backscattered echoes,
and three others resulting from the summing of nonlinear echoes of
opposite polarities [Fig. 2(d)]. As a result of this nonlinear artifact, AM
images generated by conventional compounding of the Hadamard-RF
data show three successive nonlinear residues [Fig. 2(e)]. On the other
hand, selective compounding of all the Hadamard sums other than H1

results in an image showing only the correct GV inclusion [Fig. 2(f)].
These results confirm that the selective compounding approach ena-
bles uAM to take advantage of the MPW paradigm without nonlinear
Hadamard summation artifacts.

After establishing its basic functionality, we evaluated the perfor-
mance of uAM with varying angle number [Fig. 3(a)] in comparison
with pAM13 and xAM15 [Figs. 3(b) and 3(c)] in a tissue-mimicking
phantom containing two rows of 2mm diameter wells filled with GVs.
We quantified the contrast-to-tissue ratio (CTR) for both the upper

and deeper inclusions
�
CTR ¼ jInclusion�BackgroundjrBackground

�
, as well as the con-

trast-to-artifact ratio
�
CAR ¼ jUpper Inclusion�Artifact jArtifact

�
[Fig. 3(d)].

We immediately observe that uAM offers the widest and deepest
field of view compared to pAM and xAM. uAM scans the entire imag-
ing plane below the transducer array with each transmission. In con-
trast, the lateral and depth coverage of pAM are limited by
transmission aperture and axial focusing, while xAM is limited by the
aperture requirements of cross-propagating waves and the maximal
wave intersection depth.15 In terms of image quality [Fig. 3(e)], the
highest CTR values for the upper sample were obtained with xAM,
pAM, and uAM-8 and -16 (all around CTR¼ 15), decreasing substan-
tially for uAM with smaller numbers of angles. The CAR, a measure of
resilience to nonlinear propagation artifacts, was best with xAM,
which was specifically developed to eliminate such artifacts through
cross-propagation.15 uAM-8 and -16 angles also provided improved
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CAR compared to pAM. Finally, the most striking differences in CTR
concerned the lower inclusions, which are barely visible in pAM and
xAM images, but are robustly seen with uAM, albeit with a lower CTR
than the upper row due to attenuation. These results allow us to con-
clude that uAM with Nangles � 8 offers a wider and deeper field of
view than pAM and xAM imaging, comparable near-field CNR, supe-
rior CTR at depth, and CAR performance between those of pAM and
xAM. 8-angle uAM was selected as the pulse sequence for the remain-
der of our study.

To compare the lateral and axial resolution of the three AM
sequences, we imaged an agar phantom containing sub-wavelength
lines of GVs (Fig. S3). This experiment revealed that the lateral resolu-
tion in uAM is slightly diminished compared to the classic methods
(17% larger than in pAM), while axial resolution is improved (by 50%
compared to pAM) [Fig. 3(c)].

Remarkably, the performance improvements described above
was obtained while accelerating the imaging frame rate by more
than one order of magnitude. For an equivalent 10-mm-deep field,
acquiring a pAM or xAM image requires approximately 4ms,
while a uAM-8 image is obtained in just 0.31ms (supplementary
material). To demonstrate the utility of this acceleration, we evalu-
ated the capacity of uAM to visualize flowing GVs in vitro. Our
experimental setup [Fig. 4(a)] comprised a phantom made of sta-
tionary GVs (114 pM) embedded in agarose gel, in which two hori-
zontal tunnels of diameter 1mm allowed the flow of chosen
solutions. A flow of 1ml/min was created by pump-driven syrin-
ges. Comparing xAM [Fig. 4(b)] and uAM [Fig. 4(c)], we first
imaged the phantom in which only phosphate-buffered saline
(PBS) was flowing through the tunnels. As expected, the tunnels
within the effective field of view were devoid of contrast. In xAM,
the lower tunnel was obscured by the depth limitation of the

sequence, and a strip of higher signal was also evident. We inter-
pret the latter effect as an artifact of the beamforming algorithm,
which assumes a uniform supersonic velocity for the plane wave
intersection, while boundary effects in the transmitted waves cause
imperfect planarity at their ends.

Next, we injected a flow of GVs suspended in PBS at the same
concentration as in the gel. Under the same conditions the tunnels
blended in with the stationary phantom, making the flowing and
stationary GVs indistinguishable in both xAM and uAM. However,
in the time it takes to obtain one xAM image, 13 uAM snapshots can
be recorded [Fig. 4(d)] and analyzed to create an image specifically
of flowing GV using singular value decomposition (SVD)24 [Figs.
4(e)–4(g)]. This capability to distinguish flowing from stationary non-
linear contrast agents is only possible with the acceleration of uAM.

To examine the utility of uAM in vivo, we leveraged its capacity
for simultaneous nonlinear and blood flow imaging to visualize mouse
liver function. The removal and degradation of circulating particulates
by this organ is critical for homeostasis and response to pathogens and
serves as a diagnostic marker in common diseases.25–28 GVs can be
used as an intravenous contrast agent to visualize and quantify both
phagocytic uptake from the blood and lysosomal degradation by liver
macrophages.9 This paradigm tracks the GV-produced enhancement
of vascular contrast with power Doppler (PD) imaging and the uptake
and lysosomal degradation of GVs in the liver by AM. In the initial
study describing this approach, the liver was imaged with xAM, while
the vascular contrast had to be measured separately with linear plane
wave imaging. We hypothesized that uAM could simultaneously mon-
itor both the molecular and vascular information in the same organ,
providing a more practical diagnostic approach.

To test this concept, we injected GVs intravenously in an anes-
thetized mouse [Fig. 5(a)] and monitored liver PD and AM signals

FIG. 2. Selective compounding eliminates the nonlinear artifacts of Hadamard summation. (a) Schematic of an agarose phantom in which a 200lm diameter inclusion of GVs
(1000 pM) is embedded. (b) Transmission sequence and signs of the summation at reception of the AM bursts (N¼ 4 angles). (c) RF data plotted along the vertical line cross-
ing the inclusion. (d) After Hadamard summing, individual plane waves are retrieved with amplitude N, except for H1, which contains additional nonlinear echoes. (e)
Conventional coherent compounding integrates the artifactual nonlinear residues into the final image. (f) Selective compounding omitting H1 enables the reconstruction of a
nonlinear image sans artifact. Time scale bars (c.d.): 1 ls. Lateral dimension scale bars (e.f.): 100 lm. Depths calculated from the surface of the probe.
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with a single ultrasound probe and uAM sequence over 2800 s, inject-
ing GVs 800 s after beginning the acquisition. Blocks of 200 uAM
images (acquired at 500Hz) were obtained every 8 s. Leveraging the
ability of uAM processing to extract simultaneously both linear and
nonlinear information from the same pulse sequence (by summing or
subtracting the amplitude-modulated pulses), we processed two com-
plementary sets of data [Fig. 5(b), supplementary material]; by apply-
ing a clutter filter24 to each block of 200 linearly processed uAM
image, we obtained PD images of the liver, tracking the vascular
enhancement due to circulating GVs;8 while the nonlinear-processed
images from the same plane tracked the contrast of GVs only. AM
images, therefore, express the population of circulating GVs, but also
GVs taken up by liver tissue. The normalized PD and AM signal time
courses [Figs. 5(c) and 5(d)] show that after injection, the vascular sig-
nal quickly reaches a maximum within 60 s and then decreases to
baseline over 900 s. Meanwhile, the AM signal progressively increases
to a maximum around 600 s after the injection, corresponding to the
largest concentration of intact GVs in the liver. Macrophages, then,
degrade the GVs, resulting in a gradual decrease toward baseline. The
recorded blood and liver pharmacokinetics fit a two-compartment
model9 whose rate constants parametrize the concurrent processes of
phagocytosis and lysosomal degradation. The apparent uptake rate of
0.402min�1 and degradation rate of 0.0481min�1 are within the
range expected for healthy mice.9 This in vivo application highlights
the capacity of uAM to provide simultaneous access to nonlinear con-
trast and ultrafast phenomena, such as blood flow.

Our results demonstrate that the implemented ultrafast pulse
sequence uAM enables the nonlinear imaging of acoustic contrast
agents, such as GVs, with a substantially expanded field of view and
dramatically accelerated frame rate compared to existing AM
approaches. In addition, it provides simultaneous ultrafast linear
acquisition to monitor physiological events, such as blood flow. To
achieve this remarkable performance, uAM combines amplitude-
modulated transmissions with ultrafast MPW imaging and selective
coherent compounding of Hadamard-coded echoes. We anticipate
that these performance characteristics will make uAM a method of
choice for a wide variety of contrast imaging applications. In particu-
lar, uAM will facilitate the development of biomolecular contrast
agents, reporter genes, and biosensors for ultrasound by allowing them
track dynamic biological events, such as gene expression and enzyme
activity, across large fields of view and keep up with rapid signaling
phenomena. At the same time, the ultrafast linear capabilities of uAM
will allow molecular contrast to be visualized within the context of
anatomy and physiology, including the blood dynamics imaged in this
study, or the motion-tracking of tissue in ultrasound elastography.29

As with any technique, uAM has some limitations. First, the
cumulative propagation of plane waves through nonlinear media can
lead to artifacts below nonlinear contrast sources. In scenarios where
this is a particular concern, xAM currently provides the best artifact
cancelation. Second, MPW transmission creates a small dark zone in
the near field of the transducer due to the time required to emit a pulse
burst. With 8 angles, this dark zone has a depth of approximately

FIG. 3. In vitro evaluation of uAM perfor-
mance in comparison with pAM and xAM.
(a) uAM images of GVs embedded in a
tissue-mimicking phantom as a function of
the number of tilted angles. (b) Same
imaging plane as in (a) acquired with pAM
and xAM. (c) Spatial resolution of pAM,
xAM, and uAM calculated with an agar
phantom containing sub-wavelength lines
of GVs. 6 represents STD. (d) Schematic
of the tissue-mimicking phantom.
Quantification was performed on the three
middle inclusions of each image over
three different sample replicates. (e)
Upper CTR, CAR, and lower CTR for
each pulse sequence. The upper CTR is
evaluated between the upper inclusions
and the upper background. The CAR is
evaluated between the upper inclusions
and the artifact region underneath. The
lower CTR is calculated between the
lower inclusion and the lower background.
Error bars represent 6 SEM for N¼ 3
sample replicates with three wells per rep-
licate. Scale bars: 1 mm.
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2mm. In addition, because the half-amplitude plane waves are created
in uAM by emitting ultrasound energy with half of the transducer ele-
ments, the formation of an acoustic field equivalent of half of the
acoustic field created by all the elements requires a longer interference
distance after emission. This distance, defined as the near field distance
in uAM, was found to be 2.6mm (at 15MHz, 0.1mm pitch) (supple-
mentary material, Fig. S4). Finally, potential memory effects in nonlin-
ear objects under successive excitations23 were not taken into account
in our study as the measured CAR performance was largely satisfying

for our application. If such effects arise in future studies, they could be
tackled by implementing orthogonal decoding and pulse-inversion-
based harmonic suppression.23 Despite these limitations, uAM’s
exceptional combination of speed, sensitivity, and spatial coverage will
give this pulse sequence a bright future in contrast ultrasound.

See the supplementary material for Material andMethods section
describing the detailed pulse sequence, the RF data processing, and the
different image processing. See the supplementary figures for details

FIG. 4. Ultrafast imaging of GV flows in a nonlinear phantom. (a) Illustration of the flow phantom with two horizontal tunnels of diameter 1 mm allowing controlled flow of PBS
or GVs (114 pM) through an agarose gel phantom containing embedded GVs (114 pM). (b) xAM acquisition of PBS and GV flow conditions. One image of 128 vertical lines is
acquired in 4 ms. (c) It takes 0.31 ms to acquire a similar uAM image. (d) In 4 ms, 13 uAM images can be acquired. (e) SVD decomposes the 4 ms uAM acquisition of GV flow
into a product of separable spatial (U) and temporal (V) matrices weighted by a diagonal matrix D. (f) The eigenvalues ri of D rank the spatial and temporal modes in the
data. A high ri value is associated with stationary background signal, whereas the lowest ri values are associated with flow. (g) Excluding the first SVD mode leads to a power
Doppler (PD) image of the GVs flows. Scale bar: 1 mm.

FIG. 5. uAM imaging of phagolysosomal
function. (a) Schematic representation of
the mouse experiment: purified GVs
(100ll, 3 nM) were intravenously injected
in an anesthetized mouse, and the liver
was continuously monitored with uAM.
Blocks of 200 uAM images were acquired
every 8 s. (b) Four time points of PD and
AM images acquired simultaneously with
uAM. The liver is outlined. Scale bar:
1mm. (c) Normalized liver PD time. (d)
Normalized liver AM time course. Dashed
black lines: time of GV injection.
Continuous colored lines: mean time
course averaged over 65 neighboring time
points (sliding window). Shaded areas: 6

STD of neighboring6 5 time points.
Continuous black lines: curves fitted to the
data using a pharmacokinetic model where
B is the blood signal, L is the liver signal,
k1 is the uptake rate, k2 is the degradation
rate, kc is a signal scaling factor.
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concerning the delay-law of the pulse sequence, the monitoring of
nonlinear power Doppler in the in vivo application, the spatial resolu-
tion set-up, and the near-field distance calculation.
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