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PROTEUS: A Physically Realistic
Contrast-Enhanced Ultrasound

Simulator—Part II: Imaging Applications
Baptiste Heiles , Nathan Blanken , Alina Kuliesh , Michel Versluis , Member, IEEE, Kartik Jain ,

Guillaume Lajoinie , Member, IEEE, and David Maresca

Abstract—The development of new imaging paradigms
in the field of contrast-enhanced ultrasound (CEUS) is
hindered by the difficulty to control complex experimental
variables in a laboratory setting, such as vascular geome-
tries, nonlinear ultrasound wave propagation in tissue,
or microbubble positions within vessels as a function
of time. This development would greatly benefit from
the ability to control and reproduce independently these
conditions in a simulated environment. Here, we report
a physically realistic CEUS simulator, PROTEUS, that
generates synthetic contrast-enhanced radio frequency
(RF) data. In this article, we show that PROTEUS
enables flexible investigations of imaging parameters
on CEUS, including innovative transducer architecture,
such as row–column addressed arrays, microbubble size
distribution, pulse sequences, and vascular geometry.
We demonstrate how PROTEUS can emulate various 2-D
and 3-D imaging modes, such as pulse inversion (PI) or
amplitude modulation (AM), echo particle image velocime-
try (PIV), or ultrasound localization microscopy (ULM).
Finally, in an investigative simulation case study, we eval-
uate the impact of microbubble size distribution on ULM
on a simulated set of 15 000 frames. It is released as an
open-source tool for the scientific community.

Index Terms— Acoustics, blood flow measurement, general physical, ultrasound contrast agents (UCAs), wave
propagation.
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I. INTRODUCTION

ULTRASOUND plays a major role in clinical practice. It is
used as a gold standard screening method in fields such

as pre- and perinatal care [1], as a diagnostic tool for cancer
patients [2], as a bedside modality in intensive care units [3],
and in general as a primary assessment and patient sorting
tool. More specifically, ultrasound is a powerful method to
assess normal and abnormal blood flow [4], [5] across the
cardiovascular space [6]. Many of these flow imaging appli-
cations rely on ultrasound contrast agents (UCAs) to enhance
the weak scattering of red blood cells. Clinical UCAs consist
of polydisperse phospholipid-coated microbubbles with sizes
ranging from 1 to 10 µm [7], [8]. These sizes allow microbub-
bles to flow together with red blood cells throughout the
vasculature, including capillary beds. Microbubbles generate
contrast in ultrasound imaging by oscillating volumetrically
in response to transmitted ultrasound pressure waves. Recent
years have witnessed a wave of novel imaging concepts and
therapeutic applications that leverage the unique dynamics
of UCAs.
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Highlights
• PROTEUS enables CEUS case studies exploiting advanced pulse sequences and custom contrast agents.

• PROTEUS enables investigating applications in vascular imaging, e.g., through vector flow imaging and ULM.

• PROTEUS enables simulating 3-D imaging by means of virtual 2-D arrays.

Advances in contrast-enhanced ultrasound (CEUS) have
mostly followed three research directions. The first involves
improving microbubbles themselves, for example, by making
them more monodisperse to enhance the overall nonlinear
scattering of the suspension [9], [10], [11] or by modifying
their shell to make them sensitive to ambient pressure [12],
[13] or PH [14]. Further efforts are being made to functionalize
the shell [15], [16], [17] to target biomolecules such as
endothelial growth factor [18], load therapeutic payloads [19],
[20], [21], or turn them into multimodal agents [22], [23].
Recently, nonphospholipid shell agents consisting of genet-
ically encoded gas vesicles [24] have also been developed
for molecular imaging [25], [26], biosensors [27], and vas-
cular reporters [28]. The second direction involves imaging
strategies that exploit nonlinear microbubble contrast to reveal
vascular information. For example, a framework based on
cross-propagating plane waves was recently developed to
image nonlinear UCAs with higher specificity [29], [30]. Mul-
tiplane wave imaging [31] is based on a pulse sequence that
enables CEUS with a higher contrast at the cost of a reduced
frame rate [32]. Particle image velocimetry (PIV) analysis of
CEUS data enables vector flow imaging (also referred to as
echoPIV) [4], [33], [34], [35]. Frequency mixing was proposed
as an alternative way to exploit bubble nonlinearity [36]. The
use of the highly specific bubble ultraharmonics has also been
used for angiography [37]. These strategies can also involve
sequence acquisition associated with advanced processing,
such as nonlinear singular value decomposition (SVD) [38].
The third direction involves combining the separation and
localization of individual UCAs to break the diffraction limit
in vascular imaging. By localizing individual microbubbles
in the circulation, and reducing their point spread function
by an order of magnitude, ultrasound localization microscopy
(ULM) is able to resolve targets down to a 10-µm resolution
in two [39] and three dimensions [40], [41], [42], [43], [44],
[45]. The first clinical ULM demonstrations in humans include
transcranial imaging of the cerebral vasculature or transtho-
racic imaging of intramyocardial coronary arteries [46], [47].
Research efforts are ongoing to develop algorithms that can
improve microbubble localization accuracy and decrease ULM
acquisition time [48], [49], [50], [51], [52] and to explore
the new opportunities offered by ULM for, e.g., functional
brain imaging [53], neonatal imaging [54], or stroke assess-
ment [55].

The development of CEUS imaging techniques through
experimentation requires significant time and resources.
Obtaining an unbiased evaluation of the performance in vivo
is often challenging due to the absence of a ground truth.
Therefore, there is an urgent requirement for precise simula-
tion tools that can accurately capture the dynamics of blood
flow, the acoustic behavior of tissue, and the behavior of

microbubbles. These tools are essential for comparing and
evaluating new ultrasound flow imaging techniques. Addi-
tionally, the effectiveness of machine learning-based methods
heavily depends on the availability of authentic training data,
which is currently lacking.

In Part I of this article, we introduced PROTEUS,
a physically realistic CEUS simulator consisting of four
interconnected modules that capture the physics of CEUS
imaging. The first module computes blood flow in segmented
vascular geometries with a lattice Boltzmann flow solver [56],
[57]. The second module propagates microbubbles along the
streamlines of this flow. The third module employs the wave
propagation toolbox k-Wave to simulate transducer arrays,
ultrasound pulse sequences, and wave propagation [58]. The
fourth module evaluates microbubble dynamics through an
ordinary differential equation solver [59].

Here, in Part II, we demonstrate the potential of PROTEUS
with six imaging case studies. First, we simulate nonlinear
ultrasound imaging of microbubbles using established pulse
sequences [60]. Second, we simulate a row-column-addressed
array to demonstrate the 3-D imaging capabilities of the
simulator. Third, we compare nonlinear imaging of polydis-
perse and monodisperse microbubble suspensions. Fourth, we
simulate cascaded waves to show the applicability of the
simulator to coded-excitation studies. Fifth, we show how
PROTEUS can serve to evaluate the accuracy of echoPIV in a
macroscopic flow model. Finally, we present an investigative
study exploring the impact of the microbubble size distribution
on ULM. In all these applications, the knowledge of microbub-
ble positions and microbubble nonlinear scattering serves as
a ground truth to benchmark the performance of imaging
strategies and computational imaging algorithms. In summary,
PROTEUS creates the possibility to develop and test new
imaging methods and computational algorithms in the field
of CEUS.

PROTEUS is an open-source MATLAB application with
a graphical user interface that is freely available at:
ht.tps://github.com/PROTEUS-SIM/PROTEUS. For instruc-
tions on how to install and use the program, the reader is
referred to the documentation in the GitHub repository—
ht.tps://github.com/PROTEUS-SIM/PROTEUS

II. METHODS

A. Overview of the Architecture of PROTEUS
In this section, we present a brief overview of the four

modules of the PROTEUS simulator. For more details, refer
to Part I of this article.

The first module is responsible for the fluid dynamics simu-
lation and relies on the lattice Boltzmann solver Musubi [56],
[57]. This module generates physically realistic flow veloc-
ities in vascular geometries. In this first release, PROTEUS
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Fig. 1. PROTEUS modules and their connectivity. The data shown here are a compilation of data from Part I of this article and serve to summarize
the methodology. The data do not correspond to a full end-to-end simulation with fixed simulation settings. (a) Precomputed fluid dynamics
simulations of a rat renal vascular branch. (b) Precomputed fluid dynamics simulations of a macroscopic straight pipe. (c) Intravascular trajectories
of individual microbubbles computed by the microbubble trajectory module. (d) Transmit element RF signal, cross section (elevation plane) of a
pressure field generated by a virtual phased-array transducer, and a receive element RF signal. (e) Acoustic pressure Pac driving a microbubble. (f)
Radial excursion R(t)–R0 of the microbubble in response to the driving pressure.

includes three presimulated vascular geometries: a renal vas-
cular branch segmented from an open-source dataset of a rat
kidney [61] featuring blood flow velocities up to 11 cm/s, with
90% of the flow below 2.8 cm/s [Fig. 1(a)], a mouse brain
arteriole [62] featuring blood flow velocities up to 7 cm/s,
with 90% of the flow below 1.6 cm/s, and a 2-cm diameter
straight pipe featuring a Poiseuille flow profile with a peak
flow velocity of 0.7 m/s [Fig. 1(b)]. Musubi can also process
other vascular geometries in STL format and perform direct
numerical flow simulations. The computed flow quantities are
stored in (visualization toolkit unstructured (VTU) grid [63].

The second module imports the computed flow data and
computes the trajectories of all microbubbles embedded in
the vascular geometry [Fig. 1(c)]. When a microbubble exits
the vasculature at any outlet boundary, a new microbubble
is generated at the inlet, based on an inlet density map, and
propagated further. This density map ensures a homogeneous
distribution of microbubbles throughout all vessels in the
geometry.

The third module is in charge of transducer and acoustic
wave propagation modeling. We emulate commercially avail-
able transducer arrays based on experimental characterization
of the impulse response. The wave transmit simulations rely on
k-Wave simulations, which are grid-based and support GPU-
accelerated computations. The interaction of the transmit wave
with the microbubbles and microbubble–microbubble crosstalk
(multiple scattering) are simulated by iterative communication

between the acoustic module and the microbubble dynamics
module. The acoustic simulations in this study were run on
an NVIDIA RTX A6000 (48-GB memory) combined with
an Intel1 Core2 i9-10900KF CPU. We used a phased-array
transducer model (P4-1) throughout this study, but any other
array with a linear arrangement can be integrated into the
acoustic module.

The final module computes the radial response of each
microbubble to the incoming ultrasound pressure wave. Three
options are provided to model the dynamics of the microbubble
shell: the Marmottant model [59], a surface tension curve (sur-
face tension as a function of shell dilation) from high-precision
acoustic measurements [64], or a user-defined surface tension
curve.

Two computational pipelines are available to simulate
the interaction of the transmit wave with the microbubbles
and microbubble–microbubble crosstalk (multiple scattering)
through iterative communication between the acoustic mod-
ule and the microbubble dynamics module. The numerical
pipeline relies entirely on numerical simulations to simu-
late the wave propagation. The semi-analytical pipeline was
designed to minimize the computation time and relies on both
numerical simulations and analytical solutions to the wave

1Registered trademark.
2Trademarked.
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TABLE I
TISSUE PROPERTIES USED IN THIS ARTICLE

equation. For more details about the two different implemen-
tations, refer to Part I of this article.

PROTEUS allows for arbitrary tissue definition and also
provides a list of predefined tissues [65]. In this article,
the medium consists of a generic soft tissue in which the
vasculature is embedded (see Table I).

B. CEUS Pulse Sequences
Nonlinear imaging is of primary importance to CEUS imag-

ing. Our first imaging demonstration simulates and compares
established CEUS pulse sequences [60]. Specifically,

1) Pulse inversion (PI) is implemented by inverting the
pulse of the second transmit, and the nonlinear data is
obtained by pulse-to-pulse radio frequency (RF) addi-
tion.

2) Amplitude modulation (AM) is implemented using
three pulses, in chronological order: a high-amplitude
pulse using all elements of the active aperture, a half-
amplitude pulse using even elements of the active
aperture, and a second half-amplitude pulse using odd
elements of the active aperture.

3) Amplitude-modulated PI (AMPI) consists of the same
sequence as AM. The only difference being the inversion
of the full-amplitude pulse [60].

The propagation medium contains 103 monodisperse
microbubbles (2.14-µm radius and 5% polydispersity index)
flowing through the renal vascular branch presented in
Fig. 1(a). A 2.5-MHz broadband burst of 200 kPa is
transmitted with the P4-1 phased-array transducer. Using
microbubbles with a radius of 2.14 µm (resonant at about
1.7 MHz) in combination with a broadband transducer (−6 dB
at 1.5 and 3.5 MHz) allows for exciting and recording both
the fundamental at 1.7 MHz and the second harmonic
generated by the microbubbles at 3.4 MHz. The vasculature
is embedded in tissue with average acoustic properties (see
Table I). The center of the renal vasculature was positioned
6.4 cm below the active surface of the probe to be at the
elevation focus of the P4-1 (see Blanken et al. [66]). Unless
otherwise specified, all images were reconstructed with a pixel
size of λ/5, and with an image size matching the simulation
domain (see Table II). The standard Delay-And-Sum script is
provided with the PROTEUS simulator.

C. 3-D Contrast Imaging
Another possibility offered by PROTEUS is to simulate

2-D arrays to perform 3-D imaging. We modeled a 256-
element row–column-addressed array, with a pitch of 200 µm,

centered at 6 MHz (−6-dB bandwidth at 3–9 MHz), and
transmitted a 2-cycle long pulse at 6 MHz with a pressure
amplitude of 200 kPa. This pulse was transmitted using each
of the arrays successively to generate a set of 16 angled
plane waves, from −7.5◦ to 7.5◦ with a regular step size of
1◦. The full 128-element aperture was used. A population
of 5000 microbubbles with a distribution corresponding to
the approved UCA SonoVue1 (Bracco Suisse SA, Geneva,
Switzerland) is seeded in the vasculature, and both the vascular
tree and the surrounding tissue are considered to be blood. The
RF data are obtained using the semi-analytical pipeline and
beamformed using a Delay-And-Sum algorithm. The resulting
beamformed volumes are summed to deliver orthogonal plane
wave imaging (OPW).

Once RF data are generated with PROTEUS, images are
reconstructed using a Delay-And-Sum beamforming algorithm
that is provided with PROTEUS and based in part on method-
ologies published by Perrot et al. [67].

D. Nonlinear Ultrasound Imaging of Polydisperse and
Monodisperse Microbubbles

In the third imaging demonstration, we compare AM ultra-
sound imaging of two microbubble populations with different
size distributions and concentrations. The first population con-
sists of polydisperse microbubbles that emulate the clinically
approved UCA SonoVue (Bracco Suisse SA). The distribution
was adapted from [68] (for a more detailed description, refer
to Part I of this article). The second population consists of
monodisperse microbubbles (2.14-µm radius and 5% polydis-
persity index). The RF element data are generated using the
numerical pipeline.

E. Coded Excitation Schemes
In this fourth demonstration, we use PROTEUS to reproduce

the use of coded excitation schemes, and in particular, or cas-
caded waves [69], [70]. To that end, we simulate the straight
pipe, with an in-plane rotation of 15◦. We simulate a virtual
L12-3 probe with 192 elements, a pitch of 0.2 mm, an ele-
vation focus of 20 mm, and an element length of 5 mm. The
−6 dB bandwidth of the transducer was set to 4.5–10 MHz.
The transmitted pulse for the plane wave transmission was
custom-defined by uploading the one-way transmit waveform
of the corresponding transducer as estimated by the Verasonic
system. The pulse trains were constructed by repeating these
pulses four times with a delay of 1.12 µs, and imparting
the polarities as described by Zhang et al. [69]. The tissue
consisted of “standard tissue” with a speed of sound of
1540 m/s, a density of 1000 kg/m3, and a B/A coefficient of
6. Tissue inhomogeneity was set to 2%. The vessel was filled
with blood, with a speed of sound of 1575 m/s and a density
of 1055 kg/m3. The vessel was seeded with 50.000 SonoVue
bubbles (of which ∼4.500 were in the simulation volume).
A more extensive list of simulation parameters is provided
in Table II. The simulation was performed with the hybrid
simulator, and the bubbles were “on-grid,” owing to the large
number of bubbles and the diffraction-limited application.
A normally distributed noise with the an arbitrary amplitude
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TABLE II
SUMMARY OF THE SIMULATION PARAMETERS USED IN THIS STUDY

of 50 was added to each set of RF lines generated by the
simulator. Signals are then decoded using the Delay-And-Sum
methodology described in [69] and [71].

F. Vector Flow Imaging
The fifth imaging demonstration is echo particle image

velocimetry (echoPIV), an emerging CEUS imaging applica-
tion. This technique relies on ultrafast ultrasound to follow the
speckle generated by microbubbles in real time, and a velocity
field is computed through PIV processing [72]. To model
flow in a macroscopic vessel, we simulate 104 monodisperse
microbubbles (mean radius 2.14 µm, PDI of 5%) flowing
within the 2-cm diameter straight pipe. The pipe is located
at a depth of 60 mm from the transducer surface. To simulate
a more realistic scenario, the pipe is tilted by applying a 10◦

rotation in the imaging plane followed by a 15◦ rotation about
the transducer’s wave propagation axis. The microbubbles are
insonified with the P4-1 transducer transmitting a 200-kPa
imaging pulse (approximately 1.5 cycles). The RF lines were
simulated using the semi-analytical pipeline, and the images
were reconstructed using a Delay-And-Sum beamforming
algorithm. Although a simple background subtraction would
be sufficient given the static tissue, we apply an SVD filter to
the data prior to PIV analysis to respect the standard pipeline.
Only the first component is removed. The PIV algorithm
consists of a four-path processing with respective kernel sizes
of (32 × 32), (32 × 32), (16 × 16), and (16 × 16) pixels.
The overlap was set to 75% and the velocity fields are filtered
with a Gaussian kernel (3 × 3 pixels).

G. ULM Processing
The fifth imaging demonstration investigates the impact

of microbubble dispersity on ULM. The renal vasculature
is embedded in tissue with average acoustic properties. The
center of the vascular tree is located at a depth of 64.2 mm

with respect to the transducer. Bubbles were insonified with a
2.5-MHz broadband AM pulse sequence of 200 kPa generated
by the virtual P4-1 phased-array transducer. The first ULM
simulation uses a polydisperse microbubble suspension [68] to
emulate the commercial contrast agent SonoVue. The second
ULM simulation uses a monodisperse microbubble suspension
with a mean radius of 2.14 µm and a polydispersity index
of 5%. Both agents are modeled using the experimental
surface tension curve [64]. The AM scheme is used to sup-
press tissue clutter. The RF element data are produced using
the semi-analytical pipeline, allowing for rapid generation
of 15 000 frames. The RF data are then beamformed on a
λ/2 isotropic grid. Finally, time-invariant speckle patterns are
suppressed using a temporal mean filter. The clutter filter is
thus based on background subtraction of the average enve-
lope. After the beamforming and filtering steps, the ULM
pipeline consists of a standard intensity thresholding method
for single microbubble detection. The thresholding parameters
are adapted for each one of the distributions to obtain the
best possible image and rely on taking a fixed number of the
most intense local maxima. After detection, the microbubble
positions are inferred using a radial-symmetry algorithm for
localization (kernel size of 3 × 3 pixels), and a Kuhn–Munkres
pairing assignment algorithm is used for tracking [73]. The
tracking step integrates a filter to remove the smallest of the
trajectories to improve the final rendering.

III. RESULTS

A. CEUS Imaging Simulation

Fig. 2 first shows ultrasound images generated with three
common pulse sequences: AM, PI, and AMPI. For compar-
ison, we generated images using both the numerical (left
column of Fig. 2) and the semi-analytical pipeline (right
column of Fig. 2). Fig. 2(b) displays the B-mode images of
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Fig. 2. Nonlinear ultrasound imaging of 1000 resonant microbubbles
using conventional pulse sequences. (a) Schematic of the simulation.
(b)–(e) Gray-scale ultrasound plane wave images acquired with four dif-
ferent pulsing schemes. (b) Single-pulse plane wave, (c) AM sequence,
(d) PI sequence, and (e) AMPI sequence. The left and right images were
produced using the numerical pipeline and the semi-analytical pipeline,
respectively. The scale bar represents 1 cm, and the background tissue
is given an inhomogeneity of 2%.

the simulated medium and vasculature. The speckle predom-
inantly arises from tissue-mimicking inhomogeneities, and
the vascular structure cannot be detected without a pulsing
scheme. The B-mode images generated by the numerical and
semi-analytical pipelines present similar visual characteristics,
with maximum differences in image intensity of 0.8, 1.3, and
0.03 dB for the sets of AM, PI, and AMPI images, respectively.
These differences are located in the vessel tree and at the
microbubble positions. In the three pulse sequences, tissue
signal is observed, because nonlinear ultrasound propagation
generates harmonic components that are scattered by the
tissue. The speckle pattern, dynamic range, and pulse-related
artifacts are similar for both computational pipelines.

The AM images reveal microbubbles in the renal vascular
branch with a 40-dB contrast-to-tissue ratio (CTR), while PI
and AMPI imaging provide a 20- and 32-dB CTR, respec-
tively. Overall, the simulated results confirm that, even at low
acoustic pressure, PI and AMPI contain tissue signal arising
from ultrasound wave propagation [60], which makes these
modes less specific and thus reduces their dynamic range
compared with AM.

B. 3-D Contrast Imaging
Fig. 3 showcases the capabilities of PROTEUS for 3-D

imaging. The renal vasculature [see Fig. 3(a)] was insonified

by 16 + 16 plane waves emitted from a row-column-addressed
array to deliver OPW. The vasculature (centered at a depth
around 15 mm) was filled with 5000 microbubbles and
immersed in a scatter-free medium (more details are provided
in Section II). The resulting volume is displayed in Fig. 3(b).
The vasculature is clearly visible, as well as pronounced
sidelobes, which are expected for such a low number of plane
waves. In Fig. 3(c) and (d), the side views of the volumes
are presented with an orthographic view. The vasculature is
clearly filled with a great number of microbubbles and shows
good contrast compatible with CEUS.

C. Nonlinear Ultrasound Imaging of Polydisperse and
Monodisperse Microbubbles

Fig. 4 shows results obtained with an AM pulse sequence
for polydisperse and monodisperse populations of 10 (left
column) and 1000 microbubbles (right column). Spatial dis-
tributions of microbubbles were kept random, as shown in
Fig. 3(a). Fig. 4(a) and (d) provides the true locations of
the microbubbles. In the B-mode images, the monodisperse
microbubbles seem to provide a better mapping of the renal
vascular tree than the polydisperse microbubbles. The CTR
increases by up to 11 dB for polydisperse microbubbles
and up to 18 dB for monodisperse microbubbles, confirming
experimental observations [74]. Looking at the results obtained
with only ten microbubbles (left column), we can see that
in the polydisperse case, only a handful of microbubbles are
actually visible in the B-mode which will decrease the fidelity
of the vasculature mapping.

Similar to what was observed in the previous case study,
nonlinear residual tissue signals that originate from nonlinear
wave propagation become significant for low microbubble
counts and reduce the CTR [Fig. 4(a) and (b)].

D. Coded Excitation Schemes
The dual-polarity cascaded waves scheme [69] was designed

to increase the SNR of ultrasound images by transmitting two
pulse trains that are subsequently decoded using a series of
summations, subtractions, and translations on the element RF
data, in the time domain. Fig. 5(a) and (b) shows the pulses
transmitted by a virtual L12-3 probe for plane wave imaging
and dual-polarity cascaded wave imaging, respectively. Dual
polarity cascaded waves require two pulse trains. The first
train contains one inverted pulse in the fourth position, and
the second pulse train contains one inverted pulse in the
second position. Fig. 5(c) and (d) shows the resulting B-mode
image for plane wave imaging, and cascaded waves imaging,
respectively, showing that cascaded wave imaging can be
reproduced using PROTEUS, and that is does significantly
increases the signal-to-noise ratio of the image, i.e., expect-
edly, by 10log10(N ) ≈ 6 dB for N = 4 pulses per train [70].

E. Vector Flow Imaging
In Fig. 6(a), we show a conventional B-mode ultrasound

image of the simulated pipe embedded in tissue reconstructed
with Delay-And-Sum beamforming. We then apply a spa-
tiotemporal clutter filter [75] [Fig. 6(b)] to remove tissue
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Fig. 3. (a) Schematic of the RCA simulation. (b) OPW of the vasculature using 16 + 16 angles. (c) and (d) Orthogonal cross sections of the
vasculature imaged with OPW.

Fig. 4. AM ultrasound imaging of polydisperse and monodisperse
microbubbles. (a) Ground-truth location of microbubbles in the rat renal
vascular branch for the ten-microbubble cases. (b) AM images of
ten polydisperse microbubbles. (c) AM images of ten monodisperse
microbubbles. (d) Ground truth location of microbubbles in the rat
renal vascular branch for the 1000 microbubble cases. (e) AM images
of 1000 polydisperse microbubbles. (f) AM images of 1000 monodis-
perse microbubbles. The background tissue was created with 2% of
inhomogeneity.

signal. As the tissue is stationary in this simulation, tissue
speckle remained identical frame after frame and was fully

contained in the first principal component of the SVD. The
result of a PIV analysis using a state-of-the-art algorithm [76],
[77] is shown in Fig. 6(c).

To directly compare with the result of echoPIV, the
high-resolution CFD data was spatially resampled to match the
resolution of the PIV analysis, and the ground-truth velocity
field is displayed in Fig. 6(d). Since the pipe is inclined at an
angle in both the imaging plane and about the transducer axis,
the vessel walls appear curved.

The difference in velocity between the simulated ground
truth and the PIV analysis is shown in Fig. 6(e). We confirm
that echoPIV underestimates the velocity by about 7% in the
vessel lumen, as was recently claimed in a simplified linear
simulation [78]. Moreover, echoPIV overestimates the velocity
near the vessel wall, where it predicts a velocity of 0.2 m/s
while the ground truth velocity is 0 [78]. Since the resolution
of ultrasound is physically limited by its wavelength, any
feature smaller than that cannot be accurately quantified. This
is also the case close to the vessel wall, where large velocity
gradients are present. From a dimensional point of view,
velocity profiles in echoPIV can only be resolved accurately
if (∇|

−→v |λ/|−→v |) ≪ 1, i.e., if the relative velocity change
over the scale of one wavelength is small as compared to
the local velocity magnitude. Here, −→v is the local velocity
vector, λ is the wavelength, and |

−→v | is the velocity magnitude.
Furthermore, echoPIV is convolution-based, which makes this
condition more stringent since averaging now occurs over the
size of the kernel, i.e., (∇|

−→v |K/|−→v |) ≪ 1, where K (in
m) is the size of the convolution kernel. This quantification
further underlines the difficulty to recover wall shear stress
with echoPIV. Since wall shear stress is a prime target interest
for medical diagnosis, PROTEUS is a valuable tool to develop
new and/or dedicated echoPIV strategies and thus improve the
accuracy of echoPIV in general.

F. Effect of Microbubble Size Distribution on ULM

Here, we report an investigation of the impact of microbub-
ble distribution on ULM. Such a comparative study would be
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Fig. 5. Cascaded wave imaging. Pulses transmitted by a virtual L12-3 probe for (a) plane wave imaging and (b) cascaded wave imaging. Dual
polarity cascaded waves require two pulse trains, each with an inverted pulse. (c) Resulting B-mode image using plane wave imaging. (d) Resulting
B-mode image using cascaded waves.

a challenging experiment and demands resources that are not
widely available.

To generate ULM images, PROTEUS was used to simulate
15 000 frames acquired at a frame rate of 100 Hz, with each
frame capturing 15 microbubbles. Microbubble localization
was performed on AM images. AM was chosen to minimize
the complexity of necessary tissue and speckle filters and to
show the effect of polydispersity.

We adapted the detection threshold to yield the best image
possible in each case and found that with polydisperse
microbubbles, only three microbubbles on average could be
detected beyond which noisy detection became prominent.
However, we could reach 15 detections for the monodisperse
microbubbles case (see Fig. 7). Polydisperse microbubbles did
not enable a complete mapping of the renal vascular tree
[Fig. 7(c)]. The vasculature is well-traveled in both cases.
However, off-resonance microbubbles are more difficult to
detect with AM imaging. As a result, compared to the
monodisperse case, several branches are missing, and the
density of trajectories per vessel was lower by 49%. There are
25 nodes and 29 branches in the ground-truth vascular tree, and
we could successfully identify 13 nodes and 13 branches in the
monodisperse case, but only four nodes and five branches in
the polydisperse case. For comparison, power Doppler images
of both microbubble suspensions are shown in Fig. 7(e).

Velocimetry results [Fig. 7(d)] did not reveal major visible
differences between polydisperse and monodisperse contrast
agents and in both cases, the velocity measured was in good

agreement with the simulated input from the flow dynam-
ics module. Note, however, that in both distributions, some
branches of the vasculature are enlarged and branches close
together (a separation on the order of one wavelength) become
indistinguishable. These results are in agreement with the
results of Section III-C as power Doppler images of the
monodisperse contrast agent reveal a more exhaustive mapping
of the renal vasculature. Nonlinear imaging schemes will only
detect the microbubbles emitting strong nonlinear signals.
Therefore, the effective concentration of microbubbles usable
for ULM in nonlinear schemes is much lower for polydis-
perse agents, which mechanically increases the required ULM
acquisition time. Since we identify 15 and 3 microbubbles per
frame in the monodisperse and polydisperse case, respectively,
we expect the acquisition time to be increased by as much as
67% in the polydisperse case according to the model from
Hingot et al. [79]. Alternatively, this also means that using a
nonlinear imaging scheme and a monodisperse microbubble
concentration would, for the same acquisition time, result in
a threefold increase in microvascular coverage.

IV. DISCUSSION

A. Results Summary

We have demonstrated that PROTEUS can generate phys-
ically realistic CEUS RF data to investigate a wide range of
imaging applications in both 2-D and 3-D. We performed
side-by-side comparisons of ultrasound pulse sequences for
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Fig. 6. Ultrasound vector flow imaging simulation. (a) Simulation of a parabolic flow in a 20-mm diameter pipe at a Reynolds number of 5000. The
pipe contains 10 000 microbubbles. (b) 500 frames are simulated, and filtered using SVD to suppress the tissue signal. (c) Mean velocity extracted
from a PIV analysis of the SVD-filtered image sequence. (d) Ground-truth velocity from the CFD simulation, at the image reconstruction plane.
(e) Difference between the velocity estimated from PIV and ground truth.

nonlinear imaging of microbubbles, simulated 3-D contrast
imaging, evaluated the echogenicity of resonant microbubble
suspensions in AM ultrasound imaging, simulated cascaded
waves, quantified the accuracy of echoPIV, and conducted
a ULM case study to explore the potential benefit of using
monodisperse microbubbles for ultrasound super-resolution.
Results about the specificity of AM over PI and AMPI,
performance of monodisperse microbubbles in CEUS, and the
limitations of echoPIV were in good agreement with previ-
ously published experimental observations. Finally, PROTEUS
enabled the first investigation of the impact of microbubble
dispersity on ULM.

B. Steady Flow and Tissue

Arguably, the main limitation of this first version of PRO-
TEUS is the lack of time dependency in the tissue scatter and
flow. Although these aspects are beyond the current scope, they
are important to increase the realism of the simulator and will
be a focus for upcoming versions of PROTEUS.

Tissue motion is a well-known source of clutter in ultra-
sound imaging and processing. The absence of tissue motion
makes clutter filtering, e.g., for ULM or echoPIV processing,

far simpler than it is in practice, where more advanced
postprocessing is required, such as spatiotemporal or complex
frequency filters. The temporal mean filtering we implemented
already suppresses all noise, and the microbubbles are recov-
ered with very high contrast, since the tissue speckle is
identical from one frame to the next. Tissue motion can
be implemented in several ways. The most straightforward
implementation consists of applying a deformation field to
the k-Wave medium, which would come with a large increase
of computational cost: for each frame, a deformation field
would have to be computed and applied, before recomputing
the full wave propagation with the acoustic module. A more
efficient way to mimic tissue motion would consist of applying
a direct deformation field to a point cloud representation of
the medium.

In all of our simulations, we have chosen time-invariant inlet
conditions for flow. However, in most vascular flows, there are
temporal variations due to the intrinsic nature of cardiovascular
activity. Although pulsatile flow can be neglected in arterioles
and venules, it is an essential feature of blood flow in larger
arteries.

Beyond increasing the time needed to run the CFD sim-
ulations, pulsatile flow does not present major difficulties
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Fig. 7. Influence of microbubble size distribution on ULM. (a) Simulated grayscale images from the rat renal vasculature, which contains
15 monodisperse (left column) or polydisperse (middle column) microbubbles. (b) Filtered grayscale images and microbubble localizations.
(c) Density maps created from 15 000 frames (frame rate: 100 Hz). In the right column, all the streamlines used to propagate the microbubbles
are shown. (d) Corresponding velocity maps. The ground truth for (c) and (d) is directly provided by the simulator and represents the local speed
of each streamline along which the microbubbles are propagated. (e) Power Doppler maps computed from the simulated filtered beamformed RF
signals.
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within the proposed architecture. The LBM solver can simulate
pulsatile flow through time-dependent inlet and/or outlet con-
ditions. The trajectories of microbubbles through the vascular
structures then need to be integrated in a time-dependent
velocity field.

Finally, pulsatility in major arteries can deform the vessel
walls. Accounting for vessel deformation would require both
the capability to handle tissue motion and a CFD framework
that supports fluid–structure interactions.

C. Accuracy of the Tissue Scattering

Tissue scatter changes for each tissue type and, in theory,
varies as a function of frequency, although the latter is typ-
ically neglected. In the case studies presented, we did not
quantify the scatter strength of soft tissue but rather pro-
grammed a level of inhomogeneity that resulted in a realistic
level of tissue speckle in the reconstructed images. However,
PROTEUS allows users to reach a higher level of complexity
by setting their own tissue properties. This simulated scattering
strength also, a priori, depends on the voxel size, which must
also be taken into account.

Future development will comprise a more detailed, experi-
mentally derived, representation of various tissue types. This
will also pave the road toward representing more complex
anatomical features.

D. Effect of Microbubble Size Distribution on ULM

As a final demonstration of the potential of PROTEUS,
we conducted an investigative study comparing ULM based
on a monodisperse UCA to ULM based on a conventional
polydisperse UCA. Polydisperse microbubbles, excited by
high ultrasound frequencies, behave as (nearly) linear scat-
terers. PROTEUS is by no means limited to this specific
aspect of ULM, and could provide quantitative answers on
the effect of bubble concentration, pulse sequences depending
on flow speed, or the most efficient filters for microbubble
detection. This case study allows us to reach several interesting
results about the simulator and the effects of microbubble size
distribution on ULM. In particular, due to the limited duration
of the simulated image sequence, not all the branches are
recovered, which is an inherent limitation of ULM. Recovering
the whole (accessible) vasculature requires a longer simulation
time [79]. Yet, the monodisperse distribution recovers a larger
portion of the renal vascular tree, suggesting that monodisperse
bubbles could decrease the required acquisition times.

One way to remedy this would be to increase the detection
threshold and thus decrease the number of microbubbles in
each frame. This may be an option for monodisperse bubbles
since they offer a good coverage of the entire vasculature.
The cost, however, is a need for more frames to recover all
branches. In the polydisperse case, the detection threshold
already has to be quite low. Decreasing it even further would
lead to a dramatic decrease in image quality. These features
are common difficulties encountered in in vivo, and we are
confident that PROTEUS is an appropriate platform to inves-
tigate, understand, and solve these issues.

Third, we have demonstrated that nonlinear imaging
schemes allow for detecting microbubbles without complex
filtering. In nonlinear imaging, the resonance of microbubbles
plays an important role as resonance increases their scattering
cross section. Having more resonant microbubbles increases
our capability to isolate them from tissue and increases the
number of microbubbles detected. This, in turn, leads to an
increase in localization rate and thus a decrease in required
acquisition time. PROTEUS allows us to precisely simulate the
effect of microbubble distribution, nonlinear imaging schemes,
and nonlinear wave propagation independently of each other.

V. CONCLUSION

We have developed PROTEUS, a physically realistic and
versatile open-source simulator that enables numerical investi-
gations of existing and emerging methods in the field of CEUS
imaging. PROTEUS greatly facilitates comparative studies and
benchmarks that would be experimentally challenging and
costly. For methods such as vector flow imaging (or echoPIV),
PROTEUS can accelerate the development of more accurate
approaches. In the field of ULM, it provides scientists with a
tool to generate data and train machine learning-based com-
putational imaging methods. The capabilities of PROTEUS go
beyond the examples reported here and will lead to a wave of
imaging innovations.
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