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Abstract—Four-dimensional ultrafast ultrasound imaging is emerging as a major paradigm shift in biomedical
imaging by enabling the direct visualization and quantification of dynamic physiological processes in three-
dimensional space over time. This review provides a comprehensive overview of the principles, technological
developments, and applications that underpin this rapidly evolving field. We first describe the foundations of
volumetric ultrafast acquisition based on unfocused wave transmissions and coherent compounding, followed by
key advances in volumetric beamforming, motion estimation, Doppler imaging, elastography, and ultrasound
localization microscopy. Particular emphasis is placed on the hardware challenges associated with matrix array
transducers, including channel count limitations, data throughput, and emerging solutions such as
microbeamforming, sparse arrays, row—column addressing, and wearable probes. We further highlight the critical
role of high-performance computing and artificial intelligence in enabling real-time processing and analysis of large
volumetric datasets. Beyond acquisition and reconstruction, this review underscores the importance of advanced
visualization and quantification strategies as essential tools for extracting meaningful information from complex
4D data. Applications ranging from in vitro validation to preclinical and early clinical studies in cardiovascular,
neurovascular, and abdominal imaging demonstrate the unique capabilities of this modality. Finally, we discuss
current limitations and future directions, emphasizing the need for scalable hardware, efficient data handling, and
new conceptual frameworks to fully exploit the spatiotemporal richness of 4D ultrafast ultrasound.

Index Terms— 4D ultrafast ultrasound, volumetric imaging, matrix array transducers, Doppler imaging,
ultrasound localization microscopy, elastography, functional ultrasound imaging, biomedical imaging

[. INTRODUCTION

This paragraph of the first footnote will contain the date on which
you submitted your paper for review.

CP was supported by the Inserm Research Accelerator (Inserm ART)
in Biomedical Ultrasound and was funded by the European Union,
European Research Council (ERC) grant agreement number
101042470. PS was supported by Chan Zuckerberg Initiative (CZI) Ben
Barres Early Career Acceleration Award (2023-331838).

CP, AD, MT, BB, TD and MP are with Institute Physics for Medicine
Paris, INSERM, ESPCI Paris-PSL, CNRS, Paris, France. JP is with
Department of Engineering Physics, Polytechnique Montréal, Montreal,

IONEERED in the late 1970s [1], the discovery of high
frame rate imaging in ultrasound also referred as ultrafast

Canada. M-XT is with Department of Bioengineering, Imperial College
London, London, U.K. PS is with Department of Biomedical
Engineering, Duke University, Durham, USA. AR and PT are with
Department of Information Engineering, University of Florence,

Florence, Italy. PK is with Department of Neuroscience and
Neurosurgery, Erasmus MC, Rotterdam, Department  of
Microelectronics, Delft University of Technology, Delft, The

Netherlands. LL is with Department of Circulation and Medical Imaging,
Norwegian University of Science and Technology, Norway.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Ultrasonics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TUSON.2026.3735239

IEEE TRANSACTIONS ON ULTRASONICS %

Highlights

¢ Introduces 4D ultrafast ultrasound as a paradigm shift enabling direct volumetric observation of fast physiological

dynamics.

o Demonstrates multimodal capabilities including volumetric Doppler, elastography, and microvascular imaging

from preclinical to clinical studies.

o Highlights the critical role of hardware innovation, visualization, and Al for translating 4D ultrasound into practical

biomedical use.

ultrasound marked a turning point in the history of medical
imaging [2], [3], [4], [5]. By enabling frame rates several orders
of magnitude higher than conventional ultrasound, it allowed
researchers and clinicians to visualize rapid physiological
phenomena in vivo with unprecedented detail, from shear wave
propagation [6] and transient blood flow dynamics [7] to the
tracking of individual microbubbles [8]. What initially seemed
a technical advance soon revealed itself as a conceptual
breakthrough: ultrafast imaging at very high frame rate was not
merely a faster version of conventional ultrasound, but a
fundamentally new way of observing and quantifying dynamic
biological processes in slow motion. Applications such as
ultrafast Doppler [7], pulse wave [9], shear wave elastography
(SWE) [6], electromechanical wave [10], functional ultrasound
imaging (fUS or fUSi) [11], and ultrasound localization
microscopy (ULM) [8] emerged sequentially, as the
community explored new possibilities and progressively
translated these tools into clinical and industrial settings.

Yet, even with these advances, a critical limitation remained.
Anatomy is inherently three-dimensional (3D), and the most
natural and comprehensive way to evaluate biological
structures is therefore through 3D imaging. Physiological
phenomena themselves occur in three dimensions. Natural
shear wave propagation in the heart, the complex fiber
architecture of skeletal muscle, the intricate vascular flow
dynamics, and the fine microvascular networks of organs
cannot be fully characterized within a two-dimensional plane.
More importantly, functional processes such as cerebral
activation or rapidly evolving cardiac and vascular dynamics
cannot simply be reconstructed by stitching sequential two-
dimensional (2D) views, as the underlying biological state may
evolve between acquisitions. Restricting imaging to 2D,
inevitably discards crucial spatial information, leaving aspects
of dynamic biology invisible despite high temporal resolution.

Earlier generations of 3D ultrasound could not overcome this
limitation, relying on mechanically swept transducers that
produced only a few volumes per second [12]. The introduction
of matrix array transducers has enabled real time volumetric
imaging in clinical settings, often also referred to as 4D
imaging, particularly in cardiac applications. These systems
achieve volumetric frame rates on the order of tens of volumes
per second, depending on field of view and beam density.
While this represents a major advance toward dynamic 3D
imaging, they remain constrained by sequential line-by-line
transmission and therefore do not reach the very high
volumetric frame rates required to capture rapidly evolving
wave phenomena, transient flow dynamics, or fast
neurovascular events, even with ECG gating.

In contrast, by capturing the temporal evolution of structures
in three dimensions, 4D ultrafast ultrasound extends high-
frame rate imaging into the volumetric domain. The terms 4D

ultrafast, volumetric ultrafast, high-frame-rate volumetric, and
3D ultrafast ultrasound are often used interchangeably in the
literature to describe the acquisition of three-dimensional
spatial data at very high volumetric frame rates. In this review,
we adopt the term 4D ultrafast ultrasound to emphasize the dual
role of time. First, a fast time scale corresponds to ultrafast
volumetric acquisition, typically hundreds of volumes per
second or more, enabling the capture of rapid physical
phenomena within each 3D dataset, such as shear wave
propagation, flow motion, or microbubble trajectories, which
can then be visualized in slow motion. Second, a slow time
scale corresponds to the integration of these ultrafast volumes
in applications such as SWE, ULM, or Doppler imaging, where
maps can be displayed at lower frame rates.

The development of 4D ultrafast ultrasound has been
inseparable from advances in hardware. The need for each
piezoelectric element to be connected to dedicated acquisition
electronics poses a major engineering challenge. Efforts range
from building high-density matrix array probes with thousands
of elements for improved image quality and field of view, to
the design of low-channel-count solutions that are more suited
for clinical and industrial translation. Innovations in probe
design, electronics, and multiplexing strategies remain key
challenges for the community. Equally critical are software and
post-processing methods to handle the massive data streams
generated by 4D ultrafast acquisitions. Here, progress has been
accelerated by advances in the video game industry that led to
the widespread availability of high-performance Graphics
Processing Units (GPUs). More recently, artificial intelligence
(AI) has emerged as a powerful enabler, offering strategies to
accelerate reconstruction [13], [14], [15], enhance image
quality [16], [17], and even extract new forms of information
from the data [18], [19]. Image display and visualization is also
crucial, as it typically precedes discovery and novel tools will
be critical for transforming raw volumetric data into clinically
and scientifically meaningful insights.

In this review, we first explore the fundamental principles of
4D ultrafast ultrasound imaging and the post-processing
strategies that transform raw volumetric data into meaningful
data. We then highlight recent hardware innovations that make
high-speed, high-resolution volumetric imaging possible, and
finally examine in vitro, preclinical, and clinical applications
across multiple organs, illustrating both early achievements and
the vast potential for discovery.
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Figure 1: Main ways to perform 4D ultrafast ultrasound. Plane waves with tilted angles (4), diverging waves emitted from virtual source
or single element (sub-synthetic aperture imaging) (B) or wide-beams (C) can be implemented to increase volume rate.

[I. BASIC PRINCIPLES

A. Foundations of Real-Time 3D Imaging: Enabling 4D
Ultrafast Ultrasound

Several pioneering studies performed in the 90’s laid the
groundwork for modern 4D ultrafast ultrasound by establishing
the theoretical and practical foundations of high frame rate 4D
imaging. Von Ramm and Smith (1990) [20] proposed the
concept of Explososcan [21] based on a parallel processing
approach. Jian-Yu Lu (1997) [2] proposed to achieve high
frame rate 4D imaging by using plane wave transmission with
limited diffraction-beam-based reconstruction in the frequency
domain. Lockwood et al. (1998) [22] demonstrated that
mechanically translating a linear array with sparse synthetic
aperture beamforming could achieve volumetric acquisitions at
unprecedented frame rates; in the second study of the same
group [23], they provided a rigorous theoretical framework for
synthetic aperture beamforming in 3D. Together, these works
underscored strategies to balance spatial resolution, field of
view, and acquisition speed, i.e., the key principles that enable
4D ultrafast imaging, where full volumetric datasets are
captured at hundreds to thousands of volumes per second.

B. Transmission of unfocused waves

Conventional 3D ultrasound volumes are typically formed
using line-by-line focused transmissions [12]. This strategy
yields high-quality volumetric images, but at the cost of very
low frame rates. Such approaches are widely implemented in
current clinical ultrasound systems, for instance to measure
cavity volumes [24] or to quantify regurgitant flow across the
aortic valve in cardiac applications [25]. Similar to 2D ultrafast
imaging, 4D ultrafast ultrasound relies on the transmission of
unfocused waves [2], [3], [26] (Figure 1 A, B) or wide-beams
[27] (Figure 1 C). In this case, waves emitted from a 2D matrix
array insonify a volume of interest in a single transmit event.
This drastically increases the achievable volume rate up to tens
of thousands of volumes per second [26].

In practice, however, the contrast and lateral resolution
achieved by the transmission of unfocused beams are usually
considered insufficient and must be improved. To achieve this,
coherent compounding is performed by coherently summing
echoes from a sequence of transmissions [26]. These
transmissions can be conceptualized as originating from a
virtual source placed behind the probe: small lateral shifts in
source position correspond to angular tilts of the transmitted
wave. If the virtual source is positioned at infinity, the emitted
waves are plane waves. Conversely, if the virtual source is
located close to the aperture, the array generates diverging
waves, where the source position directly influences resolution
and the formation of grating lobes. For coherent compounding,
the transmit parameters can therefore be varied through the 3D
position of the virtual source, corresponding to different
steering angles and/or wavefront curvatures. This framework
allows considerable flexibility, with transmission schemes
optimized according to the target application.

The number of compounded transmissions therefore
represents a direct trade-off between image quality and volume
rate, for both plane- and diverging-wave imaging. For example,
at 15 cm depth, the round-trip propagation time limits the pulse
repetition frequency to approximately 5,000 transmissions/s.
Compounding 10 or 100 transmissions would therefore yield
volume rates of approximately 500 or 50 volumes/s,
respectively. While a few transmissions may be sufficient when
temporal resolution is prioritized, more transmissions can be
used when higher image quality is required, for instance for
cardiac strain imaging or speckle tracking.

C. Transmit strategies
1) Transmit Frequency

The choice of transmit frequency represents a fundamental
trade-off between spatial resolution and penetration depth.
Higher frequencies provide improved spatial resolution but
suffer from increased tissue attenuation, whereas lower
frequencies enable deeper imaging at the expense of resolution.
In 2D arrays, frequency also constrains element dimensions and
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pitch, with important consequences for channel count and
grating-lobe formation as well as matrix array size. The optimal
transmit frequency therefore strongly depends on the targeted
organ, imaging depth, and array architecture.
2) Coded Excitation

Coded excitation can increase the transmitted energy without
a corresponding increase in peak acoustic pressure by
transmitting longer encoded waveforms followed by pulse
compression on receive. This approach can improve sensitivity
and penetration [28], [29], which is particularly attractive for
4D ultrafast imaging where limited transmit focusing can
reduce signal-to-noise ratio. However, pulse compression may
introduce range sidelobes and requires additional processing,
resulting in trade-offs between sensitivity, image quality, and
sequence complexity. Coded excitation can also be used to
transmit multiple beams simultaneously, each encoded with a
distinct waveform, thereby increasing the frame rate while
maintaining acceptable image quality.
3) Tissue Harmonic imaging
Tissue harmonic imaging exploits nonlinear propagation to
reconstruct images from harmonic frequency components
generated within tissue. It can improve image contrast and
reduce near-field clutter and sidelobe artifacts and is
particularly important in challenging patients and in cardiac
imaging [30]. However, harmonic generation depends on the
acoustic pressure reached during propagation. Broad unfocused
or diverging-wave transmissions used in ultrafast imaging
distribute acoustic energy over a large volume and may
therefore generate insufficient harmonic content, particularly at
depth. Importantly, this nonlinear harmonic generation cannot
be recovered retrospectively through coherent compounding or
synthetic transmit focusing. Maintaining some degree of
physical transmit focusing, for example through elevation
focusing or broad transmissions generated using a distant
virtual focus, may therefore provide a compromise between
ultrafast volumetric coverage and sufficient harmonic
generation. This trade-off is particularly relevant for cardiac 4D
ultrafast imaging.

D. Data transfer and processing

The feasibility and impact of 4D ultrafast ultrasound are
intimately tied to advances in computational power, algorithm
design, and visualization tools. Volumetric acquisitions at high
frame rates generate massive data streams, often at several
gigabytes per second, necessitating optimized pipelines for
beamforming, motion estimation, clutter rejection, and
microbubble tracking. Beyond image formation, meaningful
interpretation requires innovative visualization strategies and
dedicated quantification methods to extract physiologically
relevant parameters from the 4D datasets.

1) Volumetric Beamforming

The most direct approach for volumetric reconstruction is the
extension of delay-and-sum (DAS) beamforming [31] to
volumetric acquisitions [26]. Reconstructing thousands of
volumes per second is computationally intensive, and GPU-
based parallelization has been critical in enabling fast
performance [26], [32], [33]. Optimization of beamforming
implementation is highly recommended to reach a reasonable
computation time. Volumetric beamforming has long been
limited to several volumes per second, but optimized

IEEE TRANSACTIONS ON ULTRASONICS %

implementation on modern GPUs can now provide real time
volumetric beamforming at several hundreds of volume/s [34],
[35]. To further accelerate reconstruction, advanced strategies
such as sparse convolutional beamforming [36], Fourier
methods [2], [3], [37], [38], [39], dual stage beamforming for
Row Column Array (RCA) transducers [40], and adaptive
weight-based approaches [41] have been introduced. In
parallel, efforts to improve image quality and optimize
beamforming have focused on exploiting spatial coherence,
either through coherence-based weighting or adaptive
apodization [41], [42], [43], or using multiply-and-sum [44],
providing higher contrast and resolution without prohibitive
computational cost. XDoppler [45], RC-FMAS [46], or
spatiotemporal similarity weighting (St-SW) [47]. An
interesting approach was recently proposed using diffusion
models to increase spatial and temporal resolution [48].

2) 3D Motion and Doppler processing

Extending 2D methods to three dimensions allows
estimation of axial tissue velocity across entire volumes.
Volume-to-volume cross-correlation using Doppler estimators
can compute displacements and velocities along the axial
dimension, enabling the assessment of transient mechanical
events, such as shear [26] or natural waves [49], and the
computation of incremental axial strain or strain rate maps [50].
Other methods to assess 3D Doppler flow include vector
Doppler, transverse oscillations [51], [52], and speckle tracking
[27], [53], [54]. Based on motion estimation, motion correction
can also be added [55].

For blood-flow imaging, separation of tissue and blood
signals represents a critical processing step. Singular value
decomposition (SVD), widely used for clutter filtering in 2D
ultrafast Doppler, was extended to volumetric datasets with
only minor adaptations [56], [57]. However, performing SVD
on blocks of hundreds of large volumes substantially increases
computational and memory requirements. Although GPU
implementations have considerably accelerated this processing
[58], memory transfer and computational load remain
important challenges, and real-time implementations require
efficient approximate algorithms [59]. Following clutter
filtering, 3D power Doppler can be obtained by integrating the
Doppler signal energy within each voxel, yielding volumetric
maps of blood volume or flow intensity [56]. Flow-optimized
strategies have also been introduced for RCA probes, including
XDoppler [45], which exploits directional filtering and multi-
angle processing to improve sensitivity to multidirectional and
tortuous flows while reducing blooming artifacts.

3) 4D Shear Wave Elastography processing

4D ultrafast acquisitions enable shear-wave propagation to
be captured throughout a volume rather than within a single
imaging plane. Volumetric motion estimation is first used to
recover tissue displacement or velocity induced by the
propagating shear wave [26]. The resulting 3D wave field can
then be analyzed to estimate local shear-wave velocity and
derive volumetric stiffness maps [176]. Beyond isotropic
stiffness estimation, 4D acquisitions can also characterize
direction-dependent wave propagation and provide access to
mechanical anisotropy and local elastic tensor properties [60].
This is particularly relevant in structurally anisotropic tissues
such as skeletal and cardiac muscle.
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Figure 2: Representative matrix array transducer architectures for 4D ultrafast ultrasound imaging. Illustrated are (A) a fully populated
matrix array with 1,024 individually addressed elements (Vermon, France), and several alternative designs aimed at reducing channel count
and data throughput: (B) microbeamformed matrix arrays (Odelft, Netherlands), (C) multi-lens architectures (Haidour et al, 2025), (D) sparse
arrays (CMUT 256-element density-tapered spiral array, courtesy of A. Savoia, University Roma TRE, Italy), (E) row—column addressed arrays

(Blancquart et al, 2025) and (F) wearable patch-based matrix arrays.

4) 4D Functional Ultrasound processing

4D functional ultrasound imaging extends ultrafast power
Doppler to volumetric mapping of cerebral hemodynamic
activity. After clutter filtering, the power Doppler signal
provides a surrogate of cerebral blood volume whose temporal
variations can be analyzed throughout the volume [28]. These
volumetric time series can subsequently be correlated with
stimuli, behavior, or spontaneous activity to generate 3D
activation and functional connectivity maps. By combining
whole-brain coverage with sub-second temporal resolution, 4D
fUSi enables the investigation of brain-wide functional
networks and the propagation of dynamic events such as
epileptiform activity [28].
5) 3D ULM post-processing

The transition from 2D to 3D ULM was demonstrated [61]
without introducing fundamental methodological barriers. The
pipeline, including microbubble localization, tracking, and
volumetric reconstruction, builds on established 2D principles,
though it requires increased and intensive computational
resources and must be adapted to the probe geometries. 3D
ULM is arguably the most computationally demanding, owing
to the combination of high volumetric frame rates, large
channel counts inherent to matrix arrays, and the need for sub-
wavelength localization and tracking over extended acquisition
times. The simultaneous requirements in data throughput,
memory footprint, and reconstruction time considerably exceed
those of other 4D ultrafast modalities such as volumetric
Doppler or elastography. While this core pipeline is now well-
established and published [62], further optimization,
particularly in processing time, scalability and hardware
efficiency, remains necessary to fully realize its potential for

widespread application in other fields. In this context,
approaches aimed at reducing the number of receive channels,
based on RCA probes, sparse arrays, or multi-lens
architectures, represent promising avenues to alleviate data
throughput and storage constraints without fundamentally
altering the 4D ULM workflow.

6) Visualization Tools and quantification strategies

Visualizing 4D ultrafast ultrasound data (rapidly changing
3D volumes acquired at hundreds to thousands of volumes per
second) poses challenges that go far beyond conventional
volume rendering. Unlike static 3D datasets, 4D ultrafast
acquisitions combine high spatial dimensionality, high
temporal resolution, and often vectorial information (e.g.,
velocity fields, displacement fields, or microbubble
trajectories). Therefore, effective visualization requires tools
capable of handling large data throughput, interactive rendering
of time-resolved volumes, vector-field representation, and
scalable quantitative interrogation without collapsing the data
into oversimplified projections.

Standard multiplanar reconstructions and basic volume
rendering are insufficient to capture fast volumetric dynamics
or complex flow topology. As a result, a range of visualization
environments has been adopted or specifically developed
within the community. Commercial and academic platforms
such as VolumeViewer (MATLAB), Amira used by [26], 3D
slicer used by [63] have been used for volumetric rendering and
segmentation. In parallel, several laboratories have developed
custom visualization pipelines, enabling tailored rendering of
4D data.

More recently, visual effects engines such as Houdini have
been leveraged to generate interactive 2D and 3D renderings of
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complex ultrasound datasets [64], demonstrating the potential
of borrowing tools from computer graphics and cinematic
simulation to explore dense spatiotemporal data. hese
environments support advanced representations such as
streamlines, pathlines, and vorticity-based color encoding for
3D Doppler, as well as graph-based vascular reconstructions
and network analysis for ULM [65]. Such approaches have
enabled intuitive visualization of 4D cerebrovascular
dynamics, including complex vascular territories such as the
circle of Willis in primates [66].

Beyond screen-based rendering, emerging augmented and
immersive visualization strategies offer additional perspectives
for interacting with volumetric ultrafast data. Augmented
reality and virtual reality environments allow depth perception,
interactive clipping, and spatial navigation within dense
vascular or myocardial datasets, potentially facilitating both
research interpretation and clinical translation [67]. 4D ultrafast
ultrasound also provides unique opportunities for quantitative
assessment across scales. Volumetric flow rates, velocity
vector fields, and vorticity maps can be extracted from 4D
Doppler data [68], while graph-based vascular metrics can
characterize complex microvascular networks reconstructed
using ULM [65]. In the myocardium, volumetric backscatter
tensor imaging combined with fiber-tracking algorithms can
reveal myocardial fiber orientation in vivo [69].

Together, these developments illustrate that advanced
visualization is not merely a display problem but a
methodological necessity. When quantitative outputs consist of
time-resolved vector fields, tensors, connectivity graphs, or
whole-brain functional volumes, appropriate rendering,
interaction, and dimensionality-reduction strategies become
essential to avoid collapsing intrinsically 4D information into
static or oversimplified 2D representations.

7) Al-based tools for 4D Ultrafast Ultrasound analysis

The large amount and high dimensionality of data generated
by 4D ultrafast ultrasound create specific challenges in
reconstruction, processing, and interpretation. Al-based
approaches could help reduce computational burden, improve
volumetric image reconstruction and quality, and extract
relevant information from complex spatiotemporal datasets.
Deep learning has already been investigated for several
ultrasound processing tasks, including beamforming [70], [71],
[72], [73], image reconstruction and enhancement [74], [75]
and could naturally be extended to volumetric ultrafast datasets.
Beyond image formation, machine-learning approaches can
provide dimensionality reduction in ULM [76], [77] and
identify spatiotemporal patterns within large 4D datasets, as
already explored in functional ultrasound neuroimaging [78],
[79]. Al therefore represents a promising tool for handling the
increasing computational and analytical complexity of 4D
ultrafast ultrasound, although its application specifically to 4D
imaging remains an emerging field [80], [81].
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[lI. HARDWARE INNOVATIONS IN 4D ULTRAFAST
ULTRASOUND

A. Historical foundations: Matrix arrays for commercial
system

A comprehensive review of different strategies adopted to
move from 2D to 4D ultrasound was published recently [82].
The earliest systems relied on mechanically sweeping a 1D
array to reconstruct volumes, producing high-quality static
images but at the cost of very low volume rates and high motion
artifacts. Their use was limited to applications such as
obstetrics or anatomical assessment. Freehand scanning with
position sensors offered more flexibility, but reproducibility
and temporal resolution remained poor. A decisive step came
in the 1990s with the introduction of dedicated 2D matrix
arrays, pioneered by Smith and colleagues at Duke University
[83], [84], [85]. Building sensitive, high-performance matrices
was challenging, but the real bottleneck lay in the electronics:
a fully populated 128x128 element array involves more than
16,000 individual piezoelectric elements, each wired to its own
channel. The resulting bulk of coaxial cabling and computing
hardware made such systems extremely complex and cost-
prohibitive. An additional constraint arises for high-frequency
probes (e.g., 15 MHz), where the piezoelectric elements must
be miniaturized. As their dimensions shrink, their electrical
impedance increases significantly, making impedance
matching more difficult. This leads to reduced energy transfer
efficiency and ultimately degrades element sensitivity.

To address this, the idea of performing a first stage of
beamforming inside the probe, often referred to as
microbeamforming or sub-array beamforming, emerged in the
late 1990s [86], and reached clinical translation around 2010
with commercial systems such as the Philips X6-1 xMatrix, GE
4Vc, and Siemens 4Z1c. In this approach, the matrix is divided
into sub-apertures controlled by an Application-Specific
Integrated Circuit (ASIC) integrated directly into the probe
head. These chips carry out a preliminary beamforming step
locally, reducing the number of signals that need to be digitized.
Microbeamforming made high-element 2D arrays clinically
feasible, bringing real-time 3D imaging (or 4D imaging) into
routine practice. Its main limitation, however, lies in the
architectural trade-off between channel reduction and
beamforming flexibility. In particular, as highlighted in the
literature [87], plane-wave or diverging-wave compounding
becomes challenging due to the mismatch in receive focusing
between the subaperture beamformer and the global
beamformer. Maintaining coherence frequently requires
limiting the transmit angle, which constrains the wide-angle
insonification essential for ultrafast imaging. Although, in
principle, most microbeamforming arrays may allow access to
the raw element signals, this typically requires multiple
transmissions (as many as the elements within each subarray)
because the underlying channel data must be reconstructed
sequentially. In practice, however, this possibility remains
largely inaccessible to researchers. Commercial ultrasound
systems typically rely on closed, proprietary architectures, and
detailed information on how these devices implement
microbeamforming or manage internal data routing is rarely
disclosed. As a result, the mechanisms governing raw-channel
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access—and the associated data-access
effectively hidden from users.

limitations—are

B. Matrix arrays for 4D ultrafast ultrasound

After first attempts based on linear array probes, a major
breakthrough for 4D ultrafast ultrasound came with the
availability of a commercial matrix array probe [26], [88]. This
probe, manufactured by Vermon (Vermon, Tours, France)
comprised 1,024 elements arranged in a 32x32 grid, roughly
half the element count of a conventional 64-element cardiac
phased array per dimension. The first-generation probe
operated at a central frequency of 3 MHz [26], while a second
version, later developed at 8 MHz [28], enabled higher-
resolution volumetric imaging.

This probe (i.e. Figure 2 A) presented a formidable
engineering challenge: at the time, commercial research
ultrasound systems could handle only 256 independent
channels. The first large-scale experimental system, SARUS,
was developed in 2013 for synthetic aperture imaging,
addressing channel-count limitations through a modular
architecture composed of 64 boards with 16 channels each
[89]. In 2014, the Physics for Medicine Paris group further
overcame hardware constraints by synchronizing four
independent 256-channel ultrafast ultrasound systems,
effectively creating a 1,024-channel platform capable of true
volumetric ultrafast imaging in vivo [26]. In parallel, other
research groups have explored strategies to increase channel
count to drive large probes [90], [91]. Nowadays, several
companies (Verasonics, OpenSonics and others) offer
integrated hardware solutions capable of driving such large
arrays, representing a significant step toward broader
accessibility of high-channel-count systems for both research
and translational applications. However, this scaling strategy
faces fundamental practical limits. Increasing the channel count
beyond ~1,000-2,000 channels rapidly leads to prohibitive
system complexity, cost, power consumption, and data
throughput requirements. As a result, future developments may
rely on more efficient front-end architectures—such as
multiplexing schemes or microbeamforming (Figure 2 B) —to
reduce the number of independent channels while maintaining
acceptable imaging performance. To date, however, no system
has exceeded the 1,024-channel limit, primarily due to the
technical complexity, cost, power consumption, and physical
bulk associated with scaling beyond this threshold. Probe
integration and cabling density also become major constraints,
particularly for matrix arrays where element pitch must remain
small while maintaining manageable interconnect routing and
thermal dissipation. These hardware limitations extend beyond
the front-end electronics to data transfer bandwidth and real-
time processing requirements, which scale unfavorably with
channel count. Nevertheless, given the rapid pace of innovation
in probe design, electronics, and data handling, it is reasonable
to anticipate that systems with even higher channel counts or
alternative architectures achieving equivalent spatial sampling,
will emerge soon.

C. Electronic strategies to reduce the number of
channels and innovations in probe technology

4D ultrafast ultrasound has followed a similar path as
commercial 3D/4D imaging in seeking to reduce the number of

active hardware channels without compromising performance.
As said above, an effective approach is the integration of
custom microbeamforming ASICs, designed specifically for
matrix arrays. These chips locally combine signals from groups
of elements, enabling control of arrays ranging from 960 [92],
1,024 [87], [93], [27], 3,072 elements [94], [95], up to
impressive 65,000 elements for high-end commercial systems
(Philips  XL14-3 xMATRIX). In parallel, capacitive
micromachined ultrasonic transducer (CMUT) technologies
have emerged as an alternative route toward large-scale 2D
arrays with integrated front-end electronics. Recent CMUT-
based implementations demonstrate tight co-integration of
transducer elements and ASIC beamforming electronics,
enabling high channel-count architectures with improved
scalability and reduced interconnect complexity [96], [97].
Such approaches are particularly attractive for 4D ultrafast
ultrasound, where minimizing cabling and power consumption
is critical when pushing toward very large aperture sizes and
volumetric frame rates. However, microbeamforming
inherently performs partial receive beamforming within sub-
apertures prior to digitization and transmission to the backend.
This architecture limits the implementation of pixel-oriented
beamforming and full synthetic aperture reconstruction, which
are central to coherent compounding strategies in ultrafast
imaging. Moreover, the increased effective element pitch can
introduce receive grating lobes, particularly at large steering
angles [87], [98]. While microbeamforming remains highly
efficient for conventional focused imaging, it can therefore
constrain the full potential of ultrafast 4D approaches that rely
on flexible, element-wise delay-and-sum reconstruction.

Another complementary strategy is electronic multiplexing,
which allows a large number of elements to be driven using a
smaller number of channels. For instance, methods have been
demonstrated to drive a 1,024-element array with only 256
channels [99], [100], [101], [102], [103], [104], [105], and
arrays exceeding 3,000 elements using 1,024 channels [106].
These approaches effectively “virtualize” the channel count,
balancing frame rate, image quality, system complexity, and
cost. However, multiplexing requires switching between sub-
apertures or element groups, which can markedly reduce
volumetric frame rate. This effect is amplified in coherent
compounding, where multiple beams per volume necessitate
repeated switching cycles, multiplying temporal delays. While
multiplexing reduces hardware complexity and enables large
apertures, it can limit the effective volume rate in ultrafast 4D
imaging, especially when many beams are needed to preserve
image quality and contrast.

Another dimension of innovation to reduce ultrasound
device complexity lies in probe design. The demand for 4D
ultrafast imaging, combined with the burden of probe
complexity and the high cost and cumbersomeness of
hardware, has pushed researchers to rethink matrix arrays,
proposing new strategies rooted both in physical concepts and
technological breakthroughs. In this context, our review does
not restrict itself strictly to matrix probes already applied in 4D
ultrafast imaging, but also considers developments in matrix
probes with lower volume rates as they can be adapted in the
future.
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One strategy is the use of sparse arrays (Figure 2 D), first
introduced in the 1990s [107], [108], [109], [110] and revisited
in several recent applications [111], [112], [113], [53], [114],
[115], [116], [117], [43], [118], [119], [120], [121]. A sparse
array consists of a sparse distribution of elements over a 2-D
aperture. By distributing these elements in random or aperiodic
patterns, grating lobes can be mitigated. This design
substantially reduces the number of active channels, hardware
complexity, and cost. In practice, this can be achieved either by
selecting an optimized 256-element subset from a 1,024-
element matrix [122] or by fabricating dedicated sparse probes
that enlarge the field of view while keeping the channel count
limited [123]. The main trade-off lies in reduced transmit
energy, receive sensitivity and image contrast compared with
fully sampled arrays, but these approaches remain highly
attractive for enabling practical 4D ultrafast systems. A
promising concept to increase transmit energy and sensitivity
in receive is the use of acoustic lenses in front of large elements
[124], [125] (Figure 2 C). Diverging lenses can preserve both
high energy and low directivity required for wide volumetric
coverage at ultrafast volume rate. These large elements may be
arranged either uniformly [126] or with randomized
distributions [127], [128], providing probe design flexibility.
Both sparse arrays and large-element/lens approaches reduce
hardware complexity and channel count, but the larger effective
element pitch increases grating lobes limiting ultrafast 4D
imaging performance. Al-based approaches have also been
proposed to mitigate the limitations of sparse arrays. Yoon et
al. used a CNN to produce interpolated RF signals from sub-
sampled RF data [13], [129]. In another study, end-to-end
image reconstruction from sub-sampled raw data was achieved
using deep learning [130]. Mamistalov et al used an encoder-
decoder architecture to produce high quality images from sub-
Nyquist channel data using minimum-variance beamformed
data as a reference. With advances in the field of deep learning,
sparsity or under-sampling of ultrasound data can be expected
to become less of a limitation.

Another innovative way is using encoding aperture masks to
distort the ultrasound wavefront and reconstruct volumes via
matrix inversion [131]. This concept was developed for matrix
arrays [132] and called computational ultrasound imaging
(cUSi). It consists in attaching a plastic distortion mask to a
coarse matrix probe, scrambling the transmit and receive fields
to increase k-space sampling. This improves lateral resolution,
though it increases side lobes. Instead of complex hardware,
cUSi relies on model-based reconstruction, calibrated with a
one-time measurement of the system’s volumetric impulse
response. cUSi’s potential was demonstrated by imaging brain
hemodynamics in mice, resolving microvasculature and flow
dynamics. Though challenges like side lobes, sensitivity and
effective Doppler volume rate persist, this approach could shift
ultrasound imaging toward computationally efficient, low-cost,
increased aperture size and wearable arrays.

One very promising alternative is the use of RCAs [133],
[134], [135], [136], [137] also referred as Top-orthogonal-to-
bottom-electrode [138], [139]. RCA probes are built from
orthogonal rows and columns of elongated elements (Figure 2
E). By alternatively transmitting along the rows and receiving
along the columns, an effective “virtual element” is created at
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their intersection. This design drastically reduces the required
number of independent channels, from N? for a fully addressed
NxN matrix down to only 2N. RCA architectures provide
several advantages: they simplify probe fabrication, reduce
hardware complexity, and are inherently compatible with large
apertures, making them well-suited for wide-field volumetric
assessment. With minimal on-probe microelectronics, these
probes tolerate high-voltage excitation and are highly effective
for acoustic radiation force transmission and shear wave
elastography. Their large acoustic aperture further enhances
this capability [140]. Despite high grating lobes and field of
view limitations, RCAs have shown remarkable promise in
vitro [42], [51], [138], [141], [142], [143], [144], [145], [146],
[147], in preclinical studies at high frequency [148], [149],
[150], [151], [152], [153], low frequency [150], [154], [155],
[156], and in humans [157], [158], [140], [159], [160], [46],
offering a practical balance between performance, scalability,
and cost. Their combination with ultrafast imaging strategies
such as synthetic aperture [136], orthogonal plane waves
compounding [157], XDoppler (Bertolo et al 2021) or others
opens the way toward portable and clinically viable 4D ultrafast
ultrasound systems and even miniaturized device for embedded
sensors as they are inherently well adapted for implementation
on CMUT masks [160], [161], [162]. Researchers have been
looking into ways to increase the field of view beside the probe
aperture using curved arrays [163] or diverging lens [146],
[164], [165] and using CMUT or electrostrictive piezoelectric
switching bias to selectively activate rows and columns [142]
to improve the focusing RCA capabilities with hybrid
sequences.

Another promising and complementary approach is the
development of conformal patch arrays for volumetric
monitoring [166], [167] (Figure 2 F). Here, a soft, wearable
patch is combined with a 2D matrix array. By employing
diverging-wave transmissions and optimized acoustic
coupling, such device enables high-frame-rate volumetric
cerebral blood flow imaging through the skull, while
maintaining patient comfort and stability for extended
monitoring sessions. This work illustrates how innovative
probe geometries and integration strategies can overcome the
limitations of rigid or cumbersome arrays, opening the door to
practical, real-time 4D ultrafast ultrasound applications in
challenging clinical contexts such as brain and cardiac
monitoring.

In addition to matrix arrays developed for external
volumetric imaging, miniaturized 2D arrays have been
developed for intracardiac and intravascular applications.
Catheter-based 2D piezoelectric arrays were demonstrated
early for real-time  three-dimensional intracardiac
echocardiography, enabling volumetric imaging from within
the cardiac chambers despite the strong constraints imposed by
catheter dimensions [168]. CMUT [169] and Piezoelectric
micromachined ultrasonic transducers (PMUTs) [170], have
emerged as attractive technologies for highly integrated 2D
arrays. These technologies therefore represent promising
alternatives to conventional bulk piezoelectric matrix arrays,
particularly when probe miniaturization and integration are
primary constraints.
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Figure 3: In vitro strategies for evaluating 4D ultrafast ultrasound modalities. Point targets (beads or needle tips) enable volumetric PSF
characterization (A) (Provost et al., 2014). Flow phantoms using torsaded wires in simple (B) (Wei et al., 2021) or complex flower-like shapes
(C) (Chee et al., 2021) assess 4D UF Doppler. Realistic cardiac phantoms reveal complex intracavitary vector flow (D) (Voorneveld et al.,
2020). Elastography is evaluated using stiff cylinders (E) (Papadacci et al., 2017), inclusions (F) (Dong et al., 2024), or PVA gels with stiff
fibers (G) (Meki et al., 2025), enabling volumetric strain and 3D shear wave siffness assessment. Thin torsaded tubes assess ULM spatial
accuracy (H) (Harput et al., 2020), while perfused ex vivo hearts provide realistic vascular networks for 3D ULM validation (1) (Haidour et al.,

2025).

Simulation has played a crucial role in the development of 4D
ultrafast ultrasound, particularly in the early days, when
hardware and probes were not yet available. Before the first
prototypes existed, researchers relied on simulation platforms
to design and evaluate candidate arrays as well as transmit
schemes for 4D ultrasound imaging imaging [171], [122],
[172]. Tools such as Field II [173], k-wave [174], SIMUS-3
[175] and MUST [176] provided the ability to model acoustic
propagation, array geometry, and beamforming strategies,
enabling feasibility studies that guided experimental
development.

As the field has advanced, simulation has become even more
central. Recent efforts have extended these frameworks to
emulate complex modalities such as volumetric ULM [177],
[178],[179], [180], [181] offering realistic environments to test
localization and tracking algorithms before moving to in vitro

[180], [181]. Pushing this direction further is essential:
advanced simulations not only accelerate innovation by
lowering experimental costs and risks but also allow
researchers to explore bold ideas and unconventional probe
architectures long before they can be fabricated. In many ways,
simulation serves as the incubator of 4D ultrafast ultrasound,
turning conceptual advances into testable designs and seeding
the next generation of experimental breakthroughs.

B. In vitro studies

The first demonstrations of 4D ultrafast ultrasound were
conducted in vitro, primarily to establish feasibility and
evaluate image quality under controlled conditions. Imaging
phantoms provided a simple yet robust framework to test
contrast, resolution, and frame rate, and to confirm that the
same physical principles driving 2D ultrafast imaging could be
extended to 4D. For instance, coherent compounding with
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Figure 4 Preclinical applications of 4D ultrafast ultrasound. Backscatter tensor imaging maps cardiac fiber orientation over the cardiac cycle
(4) (Papadacci et al., 2017). Vector Doppler quantifies coronary flow (B) (Correia et al., 2020). In rodents, 4D UF captures neurovascular
coupling (epileptic wave) (C) (Rabut et al., 2019) and enables volumetric brain vascular imaging with matrix arrays (D) (Brown, 2024). 4D UF
can image cardiac electromechanical waves (E) (Grondin et al., 2018). Functional ULM maps brain activity at micrometer scale (F) (Shin et
al., 2025). Multimodal 3D ULM-photoacoustic imaging is demonstrated in liver (G) (Kasatkina et al., 2025), while 3D UF power Doppler
images large kidney with sparse arrays (H) (Wei et al., 2023). 3D ULM further resolves vascular networks in primate brain (I) (Xing et al.,
2025), rodent coronary system (J) (Demeulenaere et al., 2022), and whole kidney in large animals using multi-lens arrays (K) (Haidour et al.,

2025).
multiple virtual sources was shown to improve image quality
in a single volume with the same square-root scaling law
observed in 2D ultrafast imaging [26], [182], [183].

In vitro studies remain particularly valuable for innovative
probe development, since they allow systematic assessment of
imaging performance without the complexity of in vivo
conditions. A key aspect of this research is the design of custom
phantoms tailored to specific applications, which has become
an important subfield. Traditional phantoms containing cysts
and wire targets have been used to evaluate 4D B-mode image
quality. The tip of a needle or small beads embedded in a
transparent phantom were imaged to assess Point Spread
Function [26], [50] (Figure 3 A). Flow phantoms, ranging from
straight tubes [56], [90] to complex vascular patterns [51],
[167], [184], [185], [186], have been developed to test 4D
Doppler methods (Figure 3 B, C, D). For volumetric
elastography and strain, inclusions of different stiffness were
embedded in gels [50], [140], [187] (Figure 3 E, F) and fibers
were generated with a complex recipe of freezing and

elongating PVA gels [188], [60] (Figure 3 G). For ultrasound
localization microscopy (ULM), phantoms with microtubes of
varying diameters and branching geometries are widely
employed to evaluate spatial resolution, localization accuracy,
and the ability to reconstruct complex microvascular networks
[61], [189], [190] (Figure 3 H). To move beyond these
simplified models, researchers have also turned to ex vivo
animal hearts for elastography [191], backscatter tensor
imaging [192], [69], [193] or perfused and maintained at low
temperature, which preserve the intricate vascular architecture
and cardiac geometry while slowing physiological motion
[126], [194] (Figure 3 I). A cool beating heart model can also
be used for echo-particle velocimetry in the cardiac cavities
[195] (Figure 3 D). This provides a realistic yet controllable
environment to validate elastography and 4D ULM methods
under conditions that closely approximate living tissues,
bridging the gap between idealized phantoms and in vivo
imaging.
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Figure 5: Human and clinical applications of 4D ultrafast ultrasound. Early studies demonstrated simultaneous power Doppler and pulsed-
wave imaging in small volumes (4) (Provost et al., 2014). Vector Doppler quantifies carotid flow across cardiac phases (B) (Holbek et al.,
2017) and reveals intracardiac flow patterns (C) (Wigen et al., 2018). High-sensitivity 4D UF Doppler visualizes microvascular networks
(e.g., finger) (D) (Blancquart et al., 2025). In the heart, 4D UF captures electromechanical waves (E) (Papadacci et al., 2020) and their
velocity () (Salles et al., 2021), while enabling simultaneous blood and tissue velocity mapping for functional assessment (G) (Papadacci et
al., 2020). Backscatter tensor imaging reveals dynamic myocardial fiber architecture (H) (Papadacci et al., 2017).Beyond the heart, 3D shear
wave elastography maps muscle anisotropy (F) (Meki et al., 2025), and intraoperative 3D ULM images dense cerebral microvasculature (J)

(Wei et al., 2026).

Despite these advances, standardized phantoms and
benchmarking protocols specifically designed for 4D ultrafast
ultrasound remain largely lacking. While flow phantoms are
increasingly used to evaluate volumetric Doppler and flow
estimation, there is currently no broadly accepted framework to
quantitatively compare 4D imaging performance across probes,
acquisition strategies, beamforming algorithms, and processing
pipelines. This represents an important limitation for
reproducibility and comparison between systems, particularly
given the diversity of emerging 2D array architectures. The
development of standardized volumetric phantoms and
protocols assessing spatial and temporal resolution, contrast,
sensitivity, and quantitative accuracy will therefore be
important for benchmarking future 4D ultrafast ultrasound
systems and facilitating their translation.

C. Preclinical Applications

Preclinical studies have been central to demonstrating the
potential of 4D ultrafast ultrasound in living systems, bridging

the gap between controlled in vitro experiments and clinical
translation. Animal models provide both the complexity of
physiological environments and the flexibility for invasive
validation, making them ideal for validating 4D methods as
well as studying fundamental physiological phenomena. In the
following, applications are:

1) Cardiovascular imaging

The heart is one of the most challenging organs to image due to
its rapid motion and complex volumetric geometry. 4D ultrafast
Doppler was used to map a coronary artery in pigs and on the
porcine heart [196] (Figure 4 B). 4D ULM has been
successfully demonstrated in the Langendorff ex vivo heart
preparation [194] (Figure 4 J) and on in vivo rodent models
[194], providing high-resolution maps of the coronary
microvasculature and dynamic flow patterns. Beyond vascular
imaging, 4D ultrafast ultrasound has also been applied to fiber
orientation assessment over an entire cardiac cycle in a porcine
model [69] (Figure 4 A). Volumetric strain imaging in the
canine left ventricle was used to detect radiofrequency ablation
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lesions with high sensitivity, opening perspectives for guiding
and monitoring cardiac interventions [197]. In addition, 4D
imaging of electromechanical wave propagation in a canine
model revealed the spatiotemporal dynamics of electrical
activation and mechanical contraction [198] (Figure 4 E).
Together, these studies underscore the ability of 4D ultrafast
imaging to resolve not only coronary microcirculation but also
myocardial strain and electromechanical waves, providing a
comprehensive volumetric view of cardiac function.

2) Cerebral imaging

Preclinical animal models have advanced 4D ultrafast
ultrasound for cerebral imaging, with distinct modalities and
species-specific adaptations.

4D fUSi which relies on ultrasensitive power Doppler has
enabled high spatiotemporal resolution monitoring of brain
activity primarily in rodents [28], [132], [148], [199], [200],
[201] (Figure 4 C). Due to the need for highly sensitive power
Doppler imaging, most of these works rely on a craniotomy
while transcranial fUSi in mice remains challenging due to
skull attenuation and can be performed with hybrid multiarray
setups with sensitivity and volume rates optimized to
transcranial mice functional and connectivity assessment [202]
(Figure 4 D). ULM, however, has achieved transcranial 4D
cerebrovascular mapping in rodents, rats [100], [152], [199],
[203], [204], mice [151], [153], [205], [206], and cats [104], as
well as in larger brains like primates [207] (Figure 4 I) and
sheep [208], where aberration correction [209] mitigates skull-
induced distortions. Recent dynamic and functional ULM
approaches [104], [151], [206], [210] further combine
localization microscopy with dynamic hemodynamic
monitoring in rodents (Figure 4 F). Recently, whole-brain non-
linear imaging of gas vesicles with row-column arrays were
demonstrated in rats, marking a significant step toward
volumetric molecular imaging [211].

Together, these advances demonstrate the versatility of 4D
ultrafast ultrasound for noninvasive brain mapping across
species and scales, with 4D ULM showing broader transcranial
applicability than fUSI.

3) Kidney and Liver imaging

Beyond the brain and heart, 4D flow and particularly 4D ULM
have been applied to abdominal organs. In small animals, it has
enabled volumetric vascular imaging and flow characterization
in the kidney [102], [155], [156], [212], [213], [214], where
microcirculation is of key physiological and pathological
interest. Recently, 3D ULM was combined with photoacoustic
imaging to deliver complementary structural, functional, and
molecular information (Figure 4 G). Using a hemispherical 2D
transducer, 4D ultrafast ultrasound at 215 Hz enabled high-
resolution mapping of hepatic microvasculature alongside
optical contrast [215], [216]. Extending to larger models, [43],
[126], [163] reported 4D ULM imaging of an entire kidney
and/or large liver volume in the pig, using a sparse array (Figure
4 H), a multi-lens array (Figure 4 K) and a curved RCA,
respectively to achieve sufficient volume area. These results
demonstrate that 4D ultrafast ultrasound can address not only
small-scale preclinical physiology but also large-organ imaging
in anatomies approaching clinical relevance.
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D. Human and Clinical Applications

Human studies of 4D ultrafast ultrasound are still largely in
the proof-of-concept stage [217], but they already illustrate the
broad potential of this technology across vascular and cardiac
applications and application to breast cancer [140], [159].

1) Vascular imaging

The carotid artery has served as an ideal first model, since it
can be approximated as a large pulsatile tube and is easily
accessible. Several studies have demonstrated 4D Doppler
imaging of the carotid (Figure 5 A), using a variety of probe
technologies including dense matrix arrays [56], [68], row—
column arrays [157], [158], [159], and multi-lens systems
[128]. These approaches consistently revealed pulsatility in the
Doppler spectrum, validating the feasibility of volumetric flow
imaging. In addition, vector flow Doppler methods have been
developed in 4D, enabling simultaneous quantification of both
axial and transverse flow components [68], [159] (Figure 5 B).
RCA for deep vessel [218], microvascular monitoring in the
thyroid [46] and finger [160] (Figure 5 D) were also recently
proposed. Recently, a multi-lens system combined with 3D
ULM was applied to the human kidney, enabling whole-organ
vascular imaging and paving the way for clinical translation
[219]. In another study, pulse wave was observed in the human
carotid [220].

2) Cardiac imaging

Cardiac applications represent one of the most ambitious
targets for 4D ultrafast imaging, and several important proof-
of-concept studies have already shown their potential.
Intraventricular flow has been visualized using 4D color
Doppler imaging [26], while simultaneous volumetric
acquisitions of flow and tissue Doppler have enabled the
estimation of all major cardiac indices within a single heartbeat,
opening the way toward automated functional assessment [221]
(Figure 5 G). 4D intracardiac vector flow was also
demonstrated with a clinical system [27] (Figure 5 C). Beyond
hemodynamics, the technique has been used to track the
propagation of natural waves generated by mitral and aortic
valve closure or the atrial kick [49], [93], [222], [223], whose
velocity can be used to assess myocardial (Figure 5 E, I). Other
methods further demonstrated 4D shear wave elastography of
both the right and left ventricles during diastole with a
simplified matrix probe, confirming the feasibility of
myocardial stiffness quantification in humans [224]. Structural
assessment has also been obtained through volumetric
backscatter tensor imaging, which allows in vivo
reconstruction of myocardial fiber orientation at different
moments of the cardiac cycle [69] (Figure 5 H). Finally, the
mapping of electromechanical waves in human volunteers has
provided volumetric information on the spatiotemporal
sequence of electrical activation and mechanical contraction
[198]. Collectively, these proof-of-concept studies demonstrate
that 4D ultrafast ultrasound can simultaneously assess vascular
hemodynamics, myocardial stiffness, fiber architecture, and
electromechanical coupling in humans.

3) Musculo-skeletal applications

Musculo-skeletal applications have also been reported
sporadically to characterize complex anisotropic structures. 4D
shear wave elastography and 4D backscatter Tensor Imaging
were proposed to assess mechanical properties and anisotropy
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on the biceps of human volunteers under different stages of
contraction [225] (Figure 5 F). 4D strain quantification based
on ultrafast acquisition was proposed on the calf muscle [50].
4) Cerebral applications

While real-time, high-resolution brain monitoring remains a
challenge due to the skull’s barrier to 4D ultrafast ultrasound,
recent work introduces the wuse of miniaturized
microbeamformer probes. The device, equipped with 3,072
transceivers coupled to 192 receive channels through on- ASIC
microbeamforming, achieves 450 Hz volumetric imaging up to
8 cm depth. Validated in clinical scenarios (skull prosthesis,
cranial defect, and neurosurgery), it successfully mapped
somatotopic finger representations and decoded individual
finger movements during piano playing [95]. Building on this
miniaturized probe technology, 4D ULM was further explored
in a patient with an arteriovenous malformation and identified
feeding, draining, and non-tumoral vessels, with high-
resolution volumetric maps, revealing complex internal
vascular structures [226]. A more recent study from the same
group using the same miniaturized matrix probe, highlighted
the clinical usage of 4D ULM in a cohort of 10 patients
identifying deep cerebral perforating arteries and thereby
exceeding the capabilities of current intraoperative imaging
modalities [227] (Figure 5 J).

V. PERSPECTIVES, CHALLENGES AND FUTURE DIRECTIONS

4D ultrafast ultrasound is emerging as a transformative
paradigm in biomedical imaging, extending the capabilities of
ultrafast ultrasound into three dimensions and enabling the
observation of physiological processes with unprecedented
spatiotemporal resolution. The field has rapidly evolved from
early demonstrations of high-frame-rate volumetric imaging to
a broad range of applications encompassing Doppler imaging,
shear wave elastography, electromechanical imaging,
functional ultrasound, and ultrasound localization microscopy.

The development of 4D ultrafast ultrasound has been closely
linked to innovations in transducer technology and acquisition
hardware. Fully populated matrix arrays provide the most direct
extension of conventional arrays to volumetric imaging, while
alternative architectures such as microbeamforming, sparse
arrays, row-column addressed arrays, multi-lens arrays, and
wearable probes offer different compromises between acoustic
performance, channel count, and clinical practicality.
Importantly, no single technological approach has yet emerged
as a clear winner. The optimal implementation of 4D ultrafast
imaging remains strongly application dependent, with tradeoffs
between sensitivity, image quality, field of view, penetration
depth, system complexity, and cost guiding the choice of
architecture.

Parallel progress in post-processing methods, including
GPU-accelerated volumetric beamforming, motion and clutter
filtering, and sophisticated algorithms for 4D ULM, has
transformed massive data streams into interpretable images.
Yet, as history shows, acquisition alone is never sufficient; the
development of advanced visualization tools is equally crucial.
Just as Galileo’s telescope reshaped the scientific questions of
its era [228], [229], interactive volumetric renderings,
streamline  blood flow mapping, and graph-based

microvascular  reconstructions  are
epistemological tools in 4D ultrasound.

Applications have rapidly expanded from in vitro validation
in phantoms to preclinical models, where 4D ultrafast
ultrasound has been applied to the heart, brain, kidney, and
liver, revealing phenomena inaccessible to 2D imaging. Proof-
of-concept studies in humans have already demonstrated
feasibility for intraventricular flow, vector Doppler, shear wave
elastography, electromechanical wave imaging, and
microvascular mapping. These studies showcase the
transformative potential of 4D ultrafast ultrasound but also
highlight the vast uncharted territory that remains.

now indispensable

A. Technical and Computation challenges

The technical challenges ahead remain substantial. Progress
will depend on continued innovation in probe design, whether
through ever higher element counts or intelligent channel-
reduction architectures, as well as advances in data
management and real-time visualization and feedback. The
ability to process, display, and interact with volumetric ultrafast
data streams in real time will be critical for clinical translation
and practical usability.

At the same time, the sheer volume of data generated
presents a major bottleneck: long acquisitions, such as 4D
ULM studies lasting 20 minutes to an hour, can produce
terabytes of data per patient, making storage, transfer, and
retrieval formidable challenges for large clinical cohorts.
Continued advances in computational power, compression, and
on-the-fly processing will be essential to mitigate these
limitations, particularly for beamforming, ULM post-
processing, and SVD clutter filtering.

A key technical challenge common to all ultrafast imaging
setups is the substantial loss of transmit focusing, which leads
to reduced signal-to-noise ratio. In 4D ultrafast imaging, this
occurs in both azimuth and elevation, which can limit
feasibility in difficult-to-image patients. Advanced probe
designs and full transmission flexibility may partially
compensate for the lack of focal gain using coherent
compounding approaches, but these solutions often come at the
cost of reduced frame rates.

B. Exploiting the Richness of 4D information

Despite these challenges, the spatiotemporal richness of
volumetric ultrafast data opens substantial new opportunities.
Conceptually, the field must move beyond simply extending
2D paradigms and instead develop new frameworks, metrics,
acquisition workflows, use cases, and visualization strategies
that fully exploit the spatiotemporal richness of 4D data.

For example, in shear wave elastography of skeletal muscle,
methods must be designed to quantify stiffness anisotropy in
three dimensions. In fUSi, the field should evolve from 2D
correlation maps toward volumetric analyses such as 3D
connectome mapping. Similarly, in 3D ULM, organs should be
analyzed as integrated vascular networks, with quantitative
metrics that capture the hierarchical relationships between large
vessels and the microvascular architecture within complex 3D
organizations.

Dimensionality reduction and summarization will remain
essential for clinical use, providing concise quantitative
parameters that capture key physiological events. However,
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these simplified metrics can only be derived after an immersive
exploration of the full high-dimensional 4D datasets, which
enables the identification of relevant features and complex
patterns. In this sense, complexity is a prerequisite for clarity:
thorough analysis of the rich volumetric data allows the
generation of meaningful, clinically actionable summaries,
bridging the gap between discovery and practical decision-
making.

C. Toward whole-organ and Continuous Volumetric
Imaging

Another important direction for 4D ultrafast ultrasound is the
expansion of the field of view toward panoramic volumetric
imaging. Many physiological processes extend beyond the
limited aperture of conventional probes, making whole-organ
characterization essential to fully exploit volumetric ultrafast
imaging. Wider coverage could enable integrated assessments
of organ-scale physiology. Achieving this goal will require
innovations in probe design, acquisitions, and compounding
strategies capable of recombining large volumes while
preserving ultrafast volume rate.

A complementary direction is the development of
conformable wearable multi-linear and two-dimensional
arrays. Unlike handheld probes designed for brief
examinations, these devices could remain attached to the body
for extended periods, enabling long-duration recordings of
physiological dynamics. Combined with ultrafast imaging,
such systems could enable continuous monitoring of
hemodynamics, tissue mechanics, or electromechanical
activity, transforming ultrasound from a diagnostic tool into a
monitoring modality.

D. Future System Architecture and Clinical Translation

A broader question concerns the long-term trajectory of
ultrasound system architecture. Should future systems continue
to scale toward ever larger channel counts, or has the field
reached a practical plateau near the current generation of
approximately 1,024 channels? Increasing the number of
independent channels offers the most direct path toward fully
sampled large-aperture matrix probes, but this strategy rapidly
encounters practical constraints related to system cost, power
consumption, cabling, data throughput, and physical size.

If channel counts remain limited, probe design must instead
rely on architectures that reduce the number of independent
electronic channels while preserving volumetric imaging
capability. Approaches such as microbeamforming, row-
column addressed (RCA) arrays, sparse arrays, and large-
element probes combined with acoustic lenses represent
different strategies toward this goal. These designs trade
electronic complexity for acoustic or computational solutions
and may ultimately provide the most scalable route to large
field-of-view volumetric imaging without requiring “million-
channel” ultrasound systems.

An alternative strategy consists in integrating analog-to-
digital conversion directly within the probe and relying on
high-speed data-transfer protocols to stream digitized signals.
While attractive in principle, this approach introduces
significant practical constraints, including increased probe size,
higher power consumption, and associated thermal
management challenges, which are particularly critical in
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clinical settings. The optimal balance between channel scaling
and architectural efficiency remains an open question, and
future developments will likely involve hybrid solutions
combining moderate channel counts with intelligent probe
designs.

Beyond hardware architecture, advances in computational
methods will also play an important role in the evolution of 4D
ultrafast ultrasound systems. Al, and in particular deep
learning, is rapidly becoming a valuable tool to achieve time-
and data-efficient image formation and analysis. As the
expansion of 4D ultrasound leads to increasingly large datasets,
it will become possible to develop more specific and efficient
deep learning models, which in turn could accelerate
processing while improving data quality. In parallel, new deep
learning strategies, such as the combination of smaller specific
networks, knowledge distillation [230] or weight quantization
[231], allow for more condensed and efficient models, lowering
the need for extensive databases and computationally intensive
model training. Small neural and tensor processing units are
also emerging as a way to perform neuronal inference at the
edge [232], which could potentially further enhance the overall
efficiency of 4D ultrasound systems. Another emerging domain
in deep learning is physics-informed neural networks, which
include physics-based a-priori knowledge in the deep learning
process. These could represent an optimal tool for 4D Ultrafast
Ultrasound processing in an attempt to combine the best of both
worlds. Today, architectures can be implemented and trained in
real-time [233]. Deep learning is also increasingly used to
propose diagnostic models based on clinical ultrasound data, to
assist physicians in the decision-making process. With the
powerful data analysis and exploration tools provided by deep
learning, clinical datasets obtained with 4D Ultrafast
Ultrasound will allow for the development of even more
efficient and accurate diagnostic assistance and unprecedented
clinical discoveries.

Additional challenges concern robustness and clinical
translation. In highly dynamic organs such as the heart, robust
3D motion compensation remains necessary for quantitative 4D
imaging. In parallel, the growing integration of Al raises
challenges related to generalizability, validation, and
regulatory approval that will need to be addressed for clinical
translation.

Among imaging modalities, ultrasound occupies a unique
position. Unlike 4D flow MRI, it is not constrained by long
acquisition times, gating, or poor temporal resolution; unlike
CT or PET, it can capture real-time dynamics at the bedside
without ionizing radiation. Only 4D ultrafast ultrasound
combines volumetric coverage, millisecond-scale resolution,
and portability, making it uniquely suited to capture transient,
dynamic physiological events in vivo.

As with previous revolutions in imaging such as PET for
metabolism, fMRI for brain function, and high-speed
microscopy for cellular dynamics, the true impact of 4D
ultrafast ultrasound will come through discovery. New ways of
seeing generate new scientific questions, and the richness of 4D
ultrafast data promises to enhance our understanding of
cardiovascular, neurovascular, and musculoskeletal
physiology. The coming decade will require close collaboration
between engineers, physicists, computer scientists, and
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clinicians to translate these capabilities into robust biomarkers,
diagnostic tools, and therapeutic monitoring strategies.

Crucially, clinician buy-in will play a decisive role in this
transition. As the vast majority of current clinical scanners do
not yet support 4D ultrafast imaging, strong clinical demand
will be needed to drive its integration into commercial systems.
This will depend on identifying compelling clinical use cases,
particularly in high-stakes scenarios where 4D ultrafast
imaging can directly impact life-saving decisions, or in
contexts where it significantly improves workflow efficiency
and patient throughput. In this perspective, intraoperative
imaging represents a particularly promising domain: 4D
ultrafast ultrasound can provide real-time, volumetric, and
hemodynamic information with intuitive visualization,
enabling physicians to make rapid and accurate decisions
during procedures—capabilities that remain out of reach for
modalities such as MRI, CT, PET, or fluoroscopy in a truly
real-time setting. Demonstrating such clear clinical and
economic value, while maintaining acceptable system and
implementation costs, will be essential to foster widespread
adoption.

Ultimately, the promise of 4D ultrafast ultrasound lies not
only in sharper images or higher frame rates, but in its ability
to change the questions we can ask about living systems. By
capturing physiology in four dimensions, it offers a new way of
seeing—and with it, the possibility of discoveries that were
once unimaginable. In this sense, it echoes the shift brought
about by Galileo’s telescope: not merely improving vision, but
transforming our understanding of the world by revealing
dynamics that had always been there, yet remained unseen.

ACKNOWLEDGMENT

Thanks to Inserm Research Accelerator (Inserm ART) in
Biomedical Ultrasound. European Research Council (ERC)
grant agreement number 101042470.

REFERENCES

[1] C. Bruneel, R. Torguet, K. M. Rouvaen, E. Bridoux, and B.
Nongaillard, “Ultrafast echotomographic system using optical
processing of ultrasonic signals,” Appl. Phys. Lett., vol. 30, no. 8,
pp. 371-373, Apr. 1977, doi: 10.1063/1.89436.

2] J.-Y. Lu, “2D and 3D high frame rate imaging with limited
diffraction beams,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 44, no. 4, pp. 839-856, Jul. 1997, doi:
10.1109/58.655200.

[3] J.-Y. Lu, “Experimental study of high frame rate imaging with
limited diffraction beams,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 45, no. 1, pp. 84-97, Jan. 1998, doi:
10.1109/58.646914.

[4] J. Cheng and J. Lu, “Extended high-frame rate imaging method
with limited-diffraction beams,” I[EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 53, no. 5, pp. 880-899, May
2006, doi: 10.1109/tuffc.2006.1632680.

[5] M. Tanter and M. Fink, “Ultrafast imaging in biomedical
ultrasound,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control,
vol. 61, no. 1, Art. no. 1, Jan. 2014, doi:
10.1109/TUFFC.2014.6689779.

[6] J. Bercoff, M. Tanter, and M. Fink, “Supersonic shear imaging:
a new technique for soft tissue elasticity mapping,” /EEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 51, no. 4, Art. no. 4,
Apr. 2004.

(7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

J. Bercoff et al., “Ultrafast compound doppler imaging:
providing full blood flow characterization,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 58, no. 1, pp. 134—-147,
Jan. 2011, doi: 10.1109/TUFFC.2011.1780.

C. Errico et al., “Ultrafast ultrasound localization microscopy for
deep super-resolution vascular imaging,” Nature, vol. 527, no.
7579, Art. no. 7579, Nov. 2015, doi: 10.1038/nature16066.

M. Couade et al., “Ultrafast imaging of the arterial pulse wave,”
IRBM, vol. 32, no. 2, pp. 106-108, Apr. 2011, doi:
10.1016/j.irbm.2011.01.012.

J. Provost, W.-N. Lee, K. Fujikura, and E. E. Konofagou,
“Electromechanical wave imaging of normal and ischemic hearts
in vivo,” IEEE Trans. Med. Imaging, vol. 29, no. 3, pp. 625-635,
Mar. 2010, doi: 10.1109/TMI1.2009.2030186.

E. Macé, G. Montaldo, I. Cohen, M. Baulac, M. Fink, and M.
Tanter, “Functional ultrasound imaging of the brain,” Nat.
Methods, vol. 8, no. 8, pp. 662-664, Aug. 2011, doi:
10.1038/nmeth.1641.

Q. Huang and Z. Zeng, “A Review on Real-Time 3D Ultrasound
Imaging Technology,” BioMed Res. Int., vol. 2017, p. 6027029,
2017, doi: 10.1155/2017/6027029.

Y. H. Yoon, S. Khan, J. Huh, and J. C. Ye, “Efficient B-Mode
Ultrasound Image Reconstruction From Sub-Sampled RF Data
Using Deep Learning,” /EEE Trans. Med. Imaging, vol. 38, no.
2, pp. 325-336, Feb. 2019, doi: 10.1109/TM1.2018.2864821.

S. Goudarzi and H. Rivaz, “Deep reconstruction of high-quality
ultrasound images from raw plane-wave data: A simulation and
in vivo study,” Ultrasonics, vol. 125, p. 106778, Sep. 2022, doi:
10.1016/j.ultras.2022.106778.

D. Perdios, M. Vonlanthen, F. Martinez, M. Arditi, and J.-P.
Thiran, “CNN-Based Image Reconstruction Method for Ultrafast
Ultrasound Imaging,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 69, no. 4, pp. 1154-1168, Apr. 2022, doi:
10.1109/TUFFC.2021.3131383.

L. Zhang and J. Zhang, “Ultrasound image denoising using
generative adversarial networks with residual dense connectivity
and weighted joint loss,” PeerJ Comput. Sci., vol. 8, p. e873, Feb.
2022, doi: 10.7717/peerj-cs.873.

M. Blons, T. Deffieux, B.-F. Osmanski, M. Tanter, and B.
Berthon, “PerceptFlow: Real-Time Ultrafast Doppler Image
Enhancement Using Deep Convolutional Neural Network and
Perceptual Loss,” Ultrasound Med. Biol., vol. 49, no. 1, pp. 225—
236, Jan. 2023, doi: 10.1016/j.ultrasmedbio.2022.08.016.

S. J. Kemp, P. Zaradic, and F. Hansen, “An approach for
determining relative input parameter importance and significance
in artificial neural networks,” Ecol. Model., vol. 204, no. 3, pp.
326-334, Jun. 2007, doi: 10.1016/j.ecolmodel.2007.01.009.

R. R. Selvaraju, M. Cogswell, A. Das, R. Vedantam, D. Parikh,
and D. Batra, “Grad-CAM: Visual Explanations from Deep
Networks via Gradient-Based Localization,” in 2017 IEEE
International Conference on Computer Vision (ICCV), Oct.
2017, pp. 618-626. doi: 10.1109/ICCV.2017.74.

O. T. von Ramm and S. W. Smith, “Real time volumetric
ultrasound imaging system,” J. Digit. Imaging, vol. 3, no. 4, pp.
261-266, Nov. 1990, doi: 10.1007/BF03168124.

D. P. Shattuck, M. D. Weinshenker, S. W. Smith, and O. T. von
Ramm, “Explososcan: A parallel processing technique for high
speed ultrasound imaging with linear phased arrays,” J. Acoust.
Soc. Am., vol. 75, no. 4, pp. 1273-1282, Apr. 1984, doi:
10.1121/1.390734.

G. R. Lockwood, J. R. Talman, and S. S. Brunke, “Real-time 3-

D ultrasound imaging wusing sparse synthetic aperture
beamforming,” [EEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 45, no. 4, pp. 980-988, Jul. 1998, doi:

10.1109/58.710573.

C. R. Hazard and G. R. Lockwood, “Theoretical assessment of a
synthetic aperture beamformer for real-time 3-D imaging,” IEEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 46, no. 4, pp.
972-980, 1999, doi: 10.1109/58.775664.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Ultrasonics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TUSON.2026.3735239

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

J. L. Dorosz, D. C. Lezotte, D. A. Weitzenkamp, L. A. Allen, and
E. E. Salcedo, “Performance of  3-Dimensional
Echocardiography in Measuring Left Ventricular Volumes and
Ejection Fraction: A Systematic Review and Meta-Analysis,” J.
Am. Coll. Cardiol., vol. 59, no. 20, pp. 1799-1808, May 2012,
doi: 10.1016/j.jacc.2012.01.037.

A. Vegas, “Three-dimensional transesophageal
echocardiography: Principles and clinical applications,” Ann.
Card. Anaesth., vol. 19, no. Suppl 1, pp. S35-S43, Oct. 2016,
doi: 10.4103/0971-9784.192622.

J. Provost et al., “3D ultrafast ultrasound imaging in vivo,” Phys.
Med. Biol., vol. 59, no. 19, Art. no. 19, Oct. 2014, doi:
10.1088/0031-9155/59/19/L1.

M. S. Wigen et al., “4-D Intracardiac Ultrasound Vector Flow
Imaging—Feasibility and Comparison to Phase-Contrast MRIL,”
IEEE Trans. Med. Imaging, vol. 37, no. 12, pp. 2619-2629, Dec.
2018, doi: 10.1109/TMI1.2018.2844552.

C. Rabut et al., “4D functional ultrasound imaging of whole-
brain activity in rodents,” Nat. Methods, vol. 16, no. 10, pp. 994—
997, Oct. 2019, doi: 10.1038/s41592-019-0572-y.

T. Kaddoura, M. H. Masoumi, and R. Zemp, “Ultrafast 3D
synthetic aperture imaging with Hadamard-encoded aperiodic
interval codes and aperiodic sparse arrays with separate
transmitters and receivers,” Ultrasonics, vol. 147, p. 107497,
Mar. 2025, doi: 10.1016/j.ultras.2024.107497.

J. R. Eisenbrey et al, “Three-Dimensional Subharmonic
Ultrasound Imaging In Vitro and In Vivo,” Acad. Radiol., vol.
19, no. 6, pp- 732-739, Jun. 2012, doi:
10.1016/j.acra.2012.02.015.

J.-Y. Lu, H. Zou, and J. F. Greenleaf, “Biomedical ultrasound
beam forming,” Ultrasound Med. Biol., vol. 20, no. 5, pp. 403—
428, Jan. 1994, doi: 10.1016/0301-5629(94)90097-3.

M. B. Stuart et al., “Fast GPU-beamforming of Row-Column
Addressed Probe Data,” in 2019 IEEE International Ultrasonics
Symposium  (IUS), Oct. 2019, pp. 1497-1500. doi:
10.1109/ULTSYM.2019.8925802.

M. B. Stuart et al., “Real-Time Volumetric Synthetic Aperture
Software Beamforming of Row—Column Probe Data,” [FEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 68, no. 8, pp.
2608-2618, Aug. 2021, doi: 10.1109/TUFFC.2021.3071810.

S. K. Preaesius, L. T. Jorgensen, and J. A. Jensen, “Real-Time Full-
Volume Row-Column Imaging,” [EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 72, no. 1, pp. 109—-126, Jan.
2025, doi: 10.1109/TUFFC.2024.3509683.

L. Verhoef and P. Kruizinga, “ffdas: Volumetric ultrasound
reconstruction at warp speed,” Jun. 11, 2026, arXiv:
arXiv:2606.13259. doi: 10.48550/arXiv.2606.13259.

R. Cohen, N. Fingerhut, F. Varray, H. Liebgott, and Y. C. Eldar,
“Sparse Convolutional Beamforming for 3-D Ultrafast
Ultrasound Imaging,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 68, no. 7, pp. 2444-2459, Jul. 2021, doi:
10.1109/TUFFC.2021.3068078.

D. Garcia, L. L. Tarnec, S. Muth, E. Montagnon, J. Porée, and G.
Cloutier, “Stolt’s f-k migration for plane wave ultrasound
imaging,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol.
60, no. 9, pp. 1853-1867,  Sep. 2013, doi:
10.1109/TUFFC.2013.2771.

A. Burshtein, M. Birk, T. Chernyakova, A. Eilam, A. Kempinski,
and Y. C. Eldar, “Sub-Nyquist Sampling and Fourier Domain
Beamforming in Volumetric Ultrasound Imaging,” /IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 63, no. 5, pp. 703-716,
May 2016, doi: 10.1109/TUFFC.2016.2535280.

Z. Han, H. Peng, X. Zhao, and X. Chen, “3D ultrasound imaging
in frequency domain based on concepts of array beam and
synthetic aperture,” Ultrasonics, vol. 84, pp. 254-263, Mar.
2018, doi: 10.1016/j.ultras.2017.11.006.

S. K. Praesius, L. T. Jorgensen, and J. A. Jensen, “Real-Time
Full-Volume Row-Column Imaging,” [EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. PP, Dec. 2024, doi:
10.1109/TUFFC.2024.3509683.

[41]

[42]

[43]

[44]

(45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

IEEE TRANSACTIONS ON ULTRASONICS %

J. Yan et al., “Fast 3D Super-Resolution Ultrasound With
Adaptive Weight-Based Beamforming,” /EEE Trans. Biomed.
Eng., vol. 70, no. 9, pp. 2752-2761, Sep. 2023, doi:
10.1109/TBME.2023.3263369.

Q. Sun, Y. Fu, and K. Xu, “X-FMAS Beamforming Method for
3D Imaging Using Row-Column Addressed Array,” in 2023
IEEE International Ultrasonics Symposium (IUS), Sep. 2023, pp.
1-3. doi: 10.1109/1US51837.2023.10308256.

L. Wei et al, “High-Frame-Rate Volumetric Porcine Renal
Vasculature Imaging,” Ultrasound Med. Biol., vol. 49, no. 12, pp.
24762482, Dec. 2023, doi:
10.1016/j.ultrasmedbio.2023.08.009.

J. Hansen-Shearer, M. Lerendegui, M. Toulemonde, and M.-X.
Tang, “Ultrafast 3-D Ultrasound Imaging Using Row—Column
Array-Specific Frame-Multiply-and-Sum Beamforming,” /IEEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 69, no. 2, pp.
480488, Feb. 2022, doi: 10.1109/TUFFC.2021.3122094.

A. Bertolo, J. Sauvage, M. Tanter, M. Pernot, and T. Deffieux,
“XDoppler: Cross-Correlation of Orthogonal Apertures for 3D
Blood Flow Imaging,” IEEE Trans. Med. Imaging, vol. 40, no.
12, pp. 33583368, Dec. 2021, doi: 10.1109/TM1.2021.3084865.
J. Hansen-Shearer et al., “Ultrafast 3-D Transcutaneous Super
Resolution Ultrasound Using Row-Column Array Specific
Coherence-Based Beamforming and Rolling Acoustic Sub-
aperture Processing: In Vitro, in Rabbit and in Human Study,”
Ultrasound Med. Biol., vol. 50, no. 7, pp. 1045—-1057, Jul. 2024,
doi: 10.1016/j.ultrasmedbio.2024.03.020.

J. Zhang et al., “Enhancing Row-Column Array (RCA)-Based
3D Ultrasound Vascular Imaging With Spatial-Temporal
Similarity Weighting,” /[EEE Trans. Med. Imaging, vol. 44, no.
1, pp. 297-309, Jan. 2025, doi: 10.1109/TMI1.2024.3439615.

T. S. W. Stevens, O. Nolan, O. Somphone, J.-L. Robert, and R.
J. G. van Sloun, “High Volume Rate 3D Ultrasound
Reconstruction with Diffusion Models,” May 28, 2025, arXiv:
arXiv:2505.22090. doi: 10.48550/arXiv.2505.22090.

C. Papadacci, V. Finel, O. Villemain, M. Tanter, and M. Pernot,
“4D ultrafast ultrasound imaging of naturally occurring shear
waves in the human heart,” IEEE Trans. Med. Imaging, pp. 1-1,
2020, doi: 10.1109/TM1.2020.3020147.

C. Papadacci, E. A. Bunting, and E. E. Konofagou, “3D Quasi-
Static Ultrasound Elastography With Plane Wave In Vivo,” I[EEE
Trans. Med. Imaging, vol. 36, no. 2, Art. no. 2, 2017, doi:
10.1109/TMI1.2016.2596706.

L. T. Jorgensen, M. B. Stuart, and J. A. Jensen, “Transverse
oscillation tensor velocity imaging using a row—column
addressed array: Experimental validation,” Ultrasonics, vol. 132,
p- 106962, Jul. 2023, doi: 10.1016/j.ultras.2023.106962.

R. Dumas, B. Pialot, and F. Varray, “Steered transverse
oscillations for improved 3D velocity estimation,” in 2023 IEEE
International Ultrasonics Symposium (IUS), Sep. 2023, pp. 1-4.
doi: 10.1109/1US51837.2023.10306998.

S. Rossi, A. Ramalli, F. Fool, and P. Tortoli, “High-Frame-Rate
3-D Vector Flow Imaging in the Frequency Domain,” Appl. Sci.,
vol. 10, no. 15, p. 5365, Jan. 2020, doi: 10.3390/app10155365.
R. Dumas et al., “4D ultrafast blood flow imaging comparison:
vector Doppler, transverse oscillation and speckle tracking,” in
2021 IEEE International Ultrasonics Symposium (IUS), Sep.
2021, pp. 1-4. doi: 10.1109/1US52206.2021.9593587.

S. Salles, F. Varray, D. Garcia, H. Liebgott, and B. Nicolas, “3-
D High Frame Rate Imaging With Motion Compensation (3-D
HFR With MoCo): An Experimental Evaluation,” /EEE Open J.
Ultrason. Ferroelectr. Freq. Control, vol. 3, pp. 137-145, 2023,
doi: 10.1109/0JUFFC.2023.3308486.

J. Provost, C. Papadacci, C. Demene, J.-L. Gennisson, M. Tanter,
and M. Pernot, “3-D ultrafast doppler imaging applied to the
noninvasive mapping of blood vessels in Vivo,” [EEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 62, no. 8, Art. no. 8,
Aug. 2015, doi: 10.1109/TUFFC.2015.007032.

C. Demené et al., “Spatiotemporal Clutter Filtering of Ultrafast
Ultrasound Data Highly Increases Doppler and fUltrasound

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

This article has been accepted for publication in IEEE Transactions on Ultrasonics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TUSON.2026.3735239

FIRST AUTHOR et al.: TITL

17

Sensitivity,” IEEE Trans. Med. Imaging, vol. 34, no. 11, pp.
2271-2285, Nov. 2015, doi: 10.1109/TM1.2015.2428634.

B. Pialot et al., “Computationally Efficient SVD Filtering for
Ultrasound Flow Imaging and Real-Time Application to
Ultrafast Doppler,” [EEE Trans. Biomed. Eng., vol. 72, no. 3, pp.
921-929, Mar. 2025, doi: 10.1109/TBME.2024.3479414.

L. Verhoef et al., “Freehand Ultrafast Doppler Ultrasound
Imaging With Optical Tracking Allows for Detailed 3D
Reconstruction of Blood Flow in the Human Brain,” /EEE Trans.
Med. Imaging, vol. 44, no. 8, pp. 3125-3138, Aug. 2025, doi:
10.1109/TMI1.2025.3559576.

M. Correia, T. Deffieux, S. Chatelin, J. Provost, M. Tanter, and
M. Pernot, “3D elastic tensor imaging in weakly transversely
isotropic soft tissues,” Phys. Med. Biol., vol. 63, no. 15, Art. no.
15, Jul. 2018, doi: 10.1088/1361-6560/aacfaf.

B. Heiles et al, “Ultrafast 3D Ultrasound Localization
Microscopy Using a 32 X 32 Matrix Array,” IEEE Trans. Med.
Imaging, vol. 38, no. 9, pp. 2005-2015, Sep. 2019, doi:
10.1109/TM1.2018.2890358.

G. Chabouh et al., “3D transcranial ultrasound localization
microscopy in awake mice: protocol and open-source pipeline,”
Commun. Eng., vol. 4, no. 1, p. 102, Jun. 2025, doi:
10.1038/s44172-025-00415-4.

T. R. Nelson and T. T. Elvins, “Visualization of 3D ultrasound
data,” IEEE Comput. Graph. Appl., vol. 13, no. 6, pp. 50-57,
Nov. 1993, doi: 10.1109/38.252557.

N. Renaudin, C. Demené, A. Dizeux, N. laly-Radio, S. Pezet, and
M. Tanter, “Functional ultrasound localization microscopy
reveals brain-wide neurovascular activity on a microscopic
scale,” Nat. Methods, vol. 19, no. 8, pp. 10041012, Aug. 2022,
doi: 10.1038/541592-022-01549-5.

A. Bertolo et al., “In vivo microvascular flow quantification in
the mouse brain using Row-Column Ultrasound Localization
Microscopy and directed graph analysis,” Sep. 19, 2025, bioRxiv.
doi: 10.1101/2025.09.17.676732.

N. Haidour et al., “4D Ultrasound Cerebral Angiography Reveals
Hemodynamics of the Circle of Willis in Primates,” Nat.
Methods, 2026, doi: In Press.

Y. Ji et al., “Real-time ultrasound AR 3D visualization toward
better topological structure perception for hepatobiliary surgery,”
Int. J. Comput. Assist. Radiol. Surg., vol. 20, no. 3, pp. 613-623,
Mar. 2025, doi: 10.1007/s11548-024-03273-1.

M. Correia, J. Provost, M. Tanter, and M. Pernot, “4D ultrafast
ultrasound flow imaging: in vivo quantification of arterial
volumetric flow rate in a single heartbeat,” Phys. Med. Biol., vol.
61, no. 23, p. L48, Nov. 2016, doi: 10.1088/0031-
9155/61/23/L48.

C. Papadacci et al., “Imaging the dynamics of cardiac fiber
orientation in vivo using 3D Ultrasound Backscatter Tensor
Imaging,” Sci. Rep., vol. 7, no. 1, Art. no. 1, 11 2017, doi:
10.1038/s41598-017-00946-7.

M. Gasse, F. Millioz, E. Roux, D. Garcia, H. Liebgott, and D.
Friboulet, “High-Quality Plane Wave Compounding Using
Convolutional Neural Networks,” [EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 64, no. 10, pp. 1637-1639, Oct.
2017, doi: 10.1109/TUFFC.2017.2736890.

A. C. Luchies and B. C. Byram, “Deep Neural Networks for
Ultrasound Beamforming,” IEEE Trans. Med. Imaging, vol. 37,
no. 9, pp- 20102021, Sep. 2018, doi:
10.1109/TMI.2018.2809641.

A. A. Nair, K. N. Washington, T. D. Tran, A. Reiter, and M. A.
Lediju Bell, “Deep Learning to Obtain Simultaneous Image and
Segmentation Outputs From a Single Input of Raw Ultrasound
Channel Data,” [EEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 67, no. 12, pp. 2493-2509, Dec. 2020, doi:
10.1109/TUFFC.2020.2993779.

B. Luijten et al., “Deep Learning for Fast Adaptive
Beamforming,” in ICASSP 2019 - 2019 IEEE International
Conference on Acoustics, Speech and Signal Processing

(74]

[75]

[76]

(77]

(78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

[86]

(87]

[88]

(ICASSP), May 2019, pp- 1333-1337. doi:
10.1109/ICASSP.2019.8683478.

Y. Li, M. Tofighi, V. Monga, and Y. C. Eldar, “An Algorithm
Unrolling Approach to Deep Image Deblurring,” in ICASSP 2019
- 2019 IEEE International Conference on Acoustics, Speech and
Signal Processing (ICASSP), May 2019, pp. 7675-7679. doi:
10.1109/ICASSP.2019.8682542.

R. J. G. Van Sloun, H. Belt, K. Janse, and M. Mischi, “Learning
Doppler with Deep Neural Networks and its Application to Intra-
Cardiac Echography,” in 2018 IEEE International Ultrasonics

Symposium  (IUS),  Oct. 2018,  pp. 1-4. doi:
10.1109/ULTSYM.2018.8579722.
L. Milecki et al., “A Deep Learning Framework for

Spatiotemporal Ultrasound Localization Microscopy,” [EEE
Trans. Med. Imaging, vol. 40, no. 5, pp. 1428-1437, May 2021,
doi: 10.1109/TMI1.2021.3056951.

X. Chen, M. R. Lowerison, Z. Dong, A. Han, and P. Song, “Deep
Learning-Based Microbubble Localization for Ultrasound
Localization Microscopy,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 69, no. 4, pp. 1312-1325, Apr. 2022, doi:
10.1109/TUFFC.2022.3152225.

S. L. Norman et al, “Single-trial decoding of movement
intentions using functional ultrasound neuroimaging,” Neuron,
vol. 109, no. 9, pp. 1554-1566.e4, May 2021, doi:
10.1016/j.neuron.2021.03.003.

B. Berthon, A. Bergel, M. Matei, and M. Tanter, “Decoding
behavior from global cerebrovascular activity using neural
networks,” Sci. Rep., vol. 13, no. 1, p. 3541, Mar. 2023, doi:
10.1038/s41598-023-30661-5.

T. S. W. Stevens, O. Nolan, O. Somphone, J.-L. Robert, and R.
J. G. van Sloun, “High Volume Rate 3-D Ultrasound
Reconstruction With Diffusion Models,” IEEE Trans. Med.
Imaging, vol. 45, no. 5, pp. 2053-2064, May 2026, doi:
10.1109/TM1.2025.3645849.

W. L. van Nierop, O. Nolan, T. S. W. Stevens, and R. J. G. van
Sloun, ‘“Patient-Adaptive Echocardiography Using Cognitive
Ultrasound,” IEEE Trans. Med. Imaging, vol. 45, no. 7, pp.
4034-4046, Jul. 2026, doi: 10.1109/TMI1.2026.3691009.

M. Ingram et al., “Three-dimensional ultrasound imaging: a
review of the technology,” Phys. Med. Biol., vol. 70, no. 22, p.
22TRO1, Nov. 2025, doi: 10.1088/1361-6560/ael3cc.

S. W. Smith and E. D. Light, “Two-dimensional array
transducers using thick film connection technology,” [EEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 40, no. 6, pp.
727-734, 1993, doi: 10.1109/58.248217.

R. L. Goldberg and S. W. Smith, “Multilayer piezoelectric
ceramics for two-dimensional array transducers,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control,vol. 41, no. 5, pp. 761-771,
1994, doi: 10.1109/58.308512.

R. E. Davidsen and S. W. Smith, “Two-dimensional arrays for

medical ultrasound using multilayer flexible circuit
interconnection,” [EEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 45, no. 2, pp. 338-348, 1998, doi:

10.1109/58.660144.

B. J. Savord, “Beamforming methods and apparatus for three-
dimensional ultrasound imaging using two-dimensional
transducer array,” US6013032A, Jan. 11, 2000 Accessed: Sep.
29, 2025. [Online]. Available:
https://patents.google.com/patent/US6013032A/en

P. Santos, G. U. Haugen, L. Lovstakken, E. Samset, and J.
D’hooge, “Diverging Wave Volumetric Imaging Using
Subaperture Beamforming,” /EEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 63, no. 12, pp. 2114-2124, Dec. 2016, doi:
10.1109/TUFFC.2016.2616172.

M. F. Rasmussen, G. Férin, R. Dufait, and J. A. Jensen,
“Comparison of 3D synthetic aperture imaging and explososcan
using phantom measurements,” in 2012 IEEE International
Ultrasonics ~ Symposium, Oct. 2012, pp. 113-116. doi:
10.1109/ULTSYM.2012.0028.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Ultrasonics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TUSON.2026.3735239

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

J. A. Jensen et al., “SARUS: A synthetic aperture real-time
ultrasound system,” [EEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 60, no. 9, pp. 1838-1852, Sep. 2013, doi:
10.1109/TUFFC.2013.2770.

L. Petrusca et al., “Fast Volumetric Ultrasound B-Mode and
Doppler Imaging with a New High-Channels Density Platform
for Advanced 4D Cardiac Imaging/Therapy,” Appl. Sci., vol. 8,
no. 2, p. 200, Feb. 2018, doi: 10.3390/app8020200.

D. Mazierli, A. Ramalli, E. Boni, F. Guidi, and P. Tortoli,
“Architecture for an Ultrasound Advanced Open Platform With
an Arbitrary Number of Independent Channels,” IEEE Trans.
Biomed. Circuits Syst., vol. 15, no. 3, pp. 486-496, Jun. 2021,
doi: 10.1109/TBCAS.2021.3077664.

E. Kang et al., “A Reconfigurable Ultrasound Transceiver ASIC
With 24\times40 Elements for 3-D Carotid Artery Imaging,”
IEEE J. Solid-State Circuits, vol. 53, no. 7, pp. 2065-2075, Jul.
2018, doi: 10.1109/JSSC.2018.2820156.

S. Salles et al, “3D Myocardial Mechanical Wave
Measurements: Toward In Vivo 3D Myocardial Elasticity
Mapping,” JACC Cardiovasc. Imaging, vol. 14, no. 8, pp. 1495—
1505, Aug. 2021, doi: 10.1016/j.jcmg.2020.05.037.

L. Castrignano et al, “An Innovative Ultrasound Research
Platform Integrating an Open Scanner and a 3072-Element Dense
Array,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol.
72, no. 7, Pp- 952-961, Jul. 2025, doi:
10.1109/TUFFC.2025.3568197.

L. Verhoef et al., “Miniaturized Four-Dimensional Functional
Ultrasound for Mapping Human Brain Activity,” Aug. 21, 2025,
medRxiv. doi: 10.1101/2025.08.19.25332261.

Y. M. Hopf et al, “A Pitch-Matched High-Frame-Rate
Ultrasound Imaging ASIC for Catheter-Based 3-D Probes,” I[EEE
J. Solid-State Circuits, vol. 59, no. 2, pp. 476—491, Feb. 2024,
doi: 10.1109/JSSC.2023.3299749.

N. N. M. Rozsa et al., “A 2000-volumes/s 3-D Ultrasound Probe
With Monolithically-Integrated 23 x 23-mm? 4096 -Element
CMUT Array,” IEEE J. Solid-State Circuits, vol. 60, no. 4, pp.
1397-1410, Apr. 2025, doi: 10.1109/JSSC.2025.3534087.

L. Castrignano et al., “An Innovative Ultrasound Research
Platform Integrating an Open Scanner and a 3072-Element Dense
Array,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol.
72, no. 7, pp- 952-961, Jul. 2025, doi:
10.1109/TUFFC.2025.3568197.

M. Bernal, B. Cunitz, D. Rohrbach, and R. Daigle, “High-frame-
rate  volume  imaging using  sparse-random-aperture
compounding,” Phys. Med. Biol., vol. 65,n0. 17, p. 175002, Aug.
2020, doi: 10.1088/1361-6560/ab9372.

A. Chavignon, B. Heiles, V. Hingot, C. Orset, D. Vivien, and O.
Couture, “3D Transcranial Ultrasound Localization Microscopy
in the Rat Brain With a Multiplexed Matrix Probe,” IEEE Trans.
Biomed. Eng., vol. 69, no. 7, pp. 2132-2142, Jul. 2022, doi:
10.1109/TBME.2021.3137265.

A. Coudert, A. Chavignon, L. Denis, and O. Couture,
“Volumetric Ultrasound Localization Microscopy With
Diverging Cylindrical Waves,” [EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 71, no. 12: Breaking the
Resolution Barrier in Ultrasound, pp. 1657-1665, Dec. 2024, doi:
10.1109/TUFFC.2024.3375896.

Y. Shin, B.-Z. Lin, M. R. Lowerison, Q. You, and P. Song,
“High-Volume Acquisition Rate Nonlinear Imaging Enables
Robust 3-D Ultrasound Localization Microscopy,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 72, no. 9, pp. 1199—
1212, Sep. 2025, doi: 10.1109/TUFFC.2025.3589815.

N. Wang et al., “A Multiplexed 32 x 32 2D Matrix Array
Transducer for Flexible Sub-Aperture Volumetric Ultrasound
Imaging,” IEEE Trans. Biomed. Eng., vol. 71, no. 3, pp. 831—
840, Mar. 2024, doi: 10.1109/TBME.2023.3319513.

C. Bourquin et al., “Quantitative pulsatility measurements using
3D dynamic ultrasound localization microscopy,” Phys. Med.
Biol., vol. 69, no. 4, p. 045017, Feb. 2024, doi: 10.1088/1361-
6560/ad1b68.

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

IEEE TRANSACTIONS ON ULTRASONICS %

X. Wu and W.-N. Lee, “Row Transmission for High Volume-
Rate Ultrasound Imaging With a Matrix Array,” /[EEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 71, no. 6, pp. 659—672,
Jun. 2024, doi: 10.1109/TUFFC.2024.3396269.

M. Caudoux et al., “3D ultrafast imaging using a 3072-clement
matrix array,” [EEE Trans. Ultrason., pp. 1-1, 2026, doi:
10.1109/TUSON.2026.3680661.

G. R. Lookwood and F. S. Foster, “Optimizing the radiation
pattern of sparse periodic two-dimensional arrays,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 43, no. 1, pp. 15-19,
Jan. 1996, doi: 10.1109/58.484458.

P. K. Weber, R. M. Schmitt, B. D. Tylkowski, and J. Steck,
“Optimization of random sparse 2-D transducer arrays for 3-D
electronic beam steering and focusing,” in /1994 Proceedings of
IEEE Ultrasonics Symposium, Oct. 1994, pp. 1503—1506 vol.3.
doi: 10.1109/ULTSYM.1994.401875.

R. M. Leahy and B. D. Jeffs, “On the design of maximally sparse
beamforming arrays,” IEEE Trans. Antennas Propag., vol. 39,
no. 8, pp. 1178-1187, Aug. 1991, doi: 10.1109/8.97353.

A. Austeng and S. Holm, “Sparse 2-D arrays for 3-D phased array
imaging - design methods,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 49, no. 8, pp. 1073—-1086, Aug. 2002, doi:
10.1109/TUFFC.2002.1026019.

B. Diarra, M. Robini, P. Tortoli, C. Cachard, and H. Liebgott,
“Design of Optimal 2-D Nongrid Sparse Arrays for Medical
Ultrasound,” [EEE Trans. Biomed. Eng., vol. 60, no. 11, pp.
3093-3102, Nov. 2013, doi: 10.1109/TBME.2013.2267742.

A. Ramalli, E. Boni, A. S. Savoia, and P. Tortoli, “Density-
tapered spiral arrays for ultrasound 3-D imaging,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 62, no. 8, pp. 1580—
1588, Aug. 2015, doi: 10.1109/TUFFC.2015.007035.

E. Roux, F. Varray, L. Petrusca, C. Cachard, P. Tortoli, and H.
Liebgott, “Experimental 3-D Ultrasound Imaging with 2-D
Sparse Arrays using Focused and Diverging Waves,” Sci. Rep.,
vol. 8,no. 1, p. 9108, Jun. 2018, doi: 10.1038/s41598-018-27490-
2.

A. Ramalli et al., “Real-Time 3-D Spectral Doppler Analysis
With a Sparse Spiral Array,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 68, no. 5, pp. 1742—-1751, May 2021, doi:
10.1109/TUFFC.2021.3051628.

R. Maffett et al., “Unfocused Field Analysis of a Density-
Tapered Spiral Array for High-Volume-Rate 3-D Ultrasound
Imaging,” [EEE Trans. Ultrason. Ferroelectr. Freq. Control, vol.
69, no. 10, pp. 28102822, Oct. 2022, doi:
10.1109/TUFFC.2022.3188245.

A. Ramalli, E. Boni, E. Roux, H. Liebgott, and P. Tortoli,
“Design, Implementation, and Medical Applications of 2-D
Ultrasound Sparse Arrays,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 69, no. 10, pp. 2739-2755, Oct. 2022, doi:
10.1109/TUFFC.2022.3162419.

L. Peralta, D. Mazierli, A. Gomez, J. V. Hajnal, P. Tortoli, and
A. Ramalli, “3-D Coherent Multitransducer Ultrasound Imaging
With Sparse Spiral Arrays,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 70, no. 3, pp. 197-206, Mar. 2023, doi:
10.1109/TUFFC.2023.3241774.

H. De Hoop, M. Vermeulen, H.-M. Schwab, and R. G. P. Lopata,
“Coherent Bistatic 3-D Ultrasound Imaging Using Two Sparse
Matrix Arrays,” [IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 70, no. 3, pp. 182-196, Mar. 2023, doi:
10.1109/TUFFC.2022.3233158.

H. Yoon, S. Bae, and J. Song, “Rectangular sparse array with
equal transmit-receive element counts for 3D ultrasound
imaging,” Ultrasonics, vol. 155, p. 107748, Nov. 2025, doi:
10.1016/j.ultras.2025.107748.

X. Zhang, M. Bernal, and W.-N. Lee, “2D Sparse Array Design
via Reweighted L1 Second Order Cone Programming for 3D
Ultrasound Imaging,” Nov. 26, 2025, arXiv: arXiv:2511.21133.
doi: 10.48550/arXiv.2511.21133.

B. Dai, X. Zhang, and W.-N. Lee, “Volumetric Ultrasound via
3D Null Subtraction Imaging with Circular and Spiral

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

This article has been accepted for publication in IEEE Transactions on Ultrasonics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TUSON.2026.3735239

FIRST AUTHOR et al.: TITL

19

Apertures,” Nov. 15, 2025, arXiv: arXiv:2511.12126. doi:
10.48550/arXiv.2511.12126.

E. Roux, A. Ramalli, P. Tortoli, C. Cachard, M. C. Robini, and
H. Liebgott, “2-D Ultrasound Sparse Arrays Multidepth
Radiation Optimization Using Simulated Annealing and Spiral-
Array Inspired Energy Functions,” IEEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 63, no. 12, pp. 2138-2149, Dec.
2016, doi: 10.1109/TUFFC.2016.2602242.

L. Wei et al., “Sparse 2-D PZT-on-PCB Arrays With Density
Tapering,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control,
vol. 69, no. 10, pp. 2798-2809, Oct. 2022, doi:
10.1109/TUFFC.2022.3204118.

H. Favre, M. Pernot, M. Tanter, and C. Papadacci, “Boosting
transducer matrix sensitivity for 3D large field ultrasound
localization microscopy using a multi-lens diffracting layer: a
simulation study,” Phys. Med. Biol., vol. 67, no. 8, Apr. 2022,
doi: 10.1088/1361-6560/ac5{72.

H. Favre, M. Pernot, M. Tanter, and C. Papadacci, “Transcranial
3D ultrasound localization microscopy using a large element
matrix array with a multi-lens diffracting layer: anin vitrostudy,”
Phys. Med. Biol., vol. 68, no. 7, Mar. 2023, doi: 10.1088/1361-
6560/acbde3.

N. Haidour et al., “Multi-lens ultrasound arrays enable large scale
three-dimensional micro-vascularization characterization over
whole organs,” Nat. Commun., vol. 16, no. 1, p. 9317, Oct. 2025,
doi: 10.1038/541467-025-64911-z.

J.-B. Jacquet et al., “Simulation, Design, and Characterization of
a Large Divergent Element Sparse Array (LDESA) for 3-D
Ultrasound Imaging,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 72, no. 8, pp. 1041-1052, Aug. 2025, doi:
10.1109/TUFFC.2025.3583178.

H. Plath et al., “4D Wide-Field Ultrafast Ultrasound of the
Human Carotid Using a Multi-Lens Probe,” Ultrasound Med.
Biol., Mar. 2026, doi: 10.1016/j.ultrasmedbio.2026.02.025.

A. Mamistvalov, A. Amar, N. Kessler, and Y. C. Eldar, “Deep-
Learning Based Adaptive Ultrasound Imaging From Sub-Nyquist
Channel Data,” [EEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 69, no. 5, pp. 1638-1648, May 2022, doi:
10.1109/TUFFC.2022.3160859.

W. Simson, M. Paschali, N. Navab, and G. Zahnd, “Deep
Learning Beamforming for Sub-Sampled Ultrasound Data,” in
2018 IEEE International Ultrasonics Symposium (IUS), Oct.
2018, pp. 1-4. doi: 10.1109/ULTSYM.2018.8579818.

P. Kruizinga et al., “Compressive 3D ultrasound imaging using a
single sensor,” Sci. Adv., vol. 3, no. 12, p. €1701423, Dec. 2017,
doi: 10.1126/sciadv.1701423.

M. D. Brown et al., “Four-dimensional computational ultrasound
imaging of brain hemodynamics,” Sci. Adv., vol. 10, no. 3, p.
eadk7957, Jan. 2024, doi: 10.1126/sciadv.adk7957.

C. E. Morton and G. R. Lockwood, “Theoretical assessment of a
crossed electrode 2-D array for 3-D imaging,” in [EEE
Symposium on Ultrasonics, 2003, Oct. 2003, pp. 968-971 Vol.1.
doi: 10.1109/ULTSYM.2003.1293560.

C.H. SeoandJ. T. Yen, “A 256 x 256 2-D array transducer with
row-column addressing for 3-D rectilinear imaging,” [EEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 56, no. 4, pp.
837-847, Apr. 2009, doi: 10.1109/TUFFC.2009.1107.

J. T. Yen, C. H. Seo, S. . Awad, and J. S. Jeong, “A dual-layer
transducer array for 3-D rectilinear imaging,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 56, no. 1, pp. 204-212,
Jan. 2009, doi: 10.1109/TUFFC.2009.1020.

M. F. Rasmussen, T. L. Christiansen, E. V. Thomsen, and J. A.
Jensen, “3-D imaging using row-column-addressed arrays with
integrated apodization - part i: apodization design and line
element beamforming,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 62, no. 5, pp. 947-958, May 2015, doi:
10.1109/TUFFC.2014.006531.

J. A. Jensen et al., “Anatomic and Functional Imaging Using
Row-Column Arrays,” IEEE Trans. Ultrason. Ferroelectr. Freq.

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

Control, vol. 69, no. 10, pp. 2722-2738, Oct. 2022, doi:
10.1109/TUFFC.2022.3191391.

A. Sampaleanu, P. Zhang, A. Kshirsagar, W. Moussa, and R. J.
Zemp, “Top-orthogonal-to-bottom-electrode (TOBE) CMUT
arrays for 3-D ultrasound imaging,” [EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 61, no. 2, pp. 266-276, Feb.
2014, doi: 10.1109/TUFFC.2014.6722612.

M. H. Masoumi, T. Kaddoura, and R. Zemp, “TOBE-Costas
Arrays for Fast High-Resolution 3-D Power Doppler Imaging,”
IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 71, no. 6,
pp. 648-658, Jun. 2024, doi: 10.1109/TUFFC.2024.3400229.

Z. Dong, U.-W. Lok, M. R. Lowerison, C. Huang, S. Chen, and
P. Song, “Three-Dimensional Shear Wave Elastography Using
Acoustic Radiation Force and a 2-D Row-Column Addressing
(RCA) Array,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 71, no. 4, pp. 448458, Apr. 2024, doi:
10.1109/TUFFC.2024.3366540.

H. Guan, C. Jiang, K. Xu, and D. Ta, “3D f-k migration
beamformer for full matrix ultrasound imaging using row-
column-addressed array,” Ultrasonics, vol. 158, p. 107809, Feb.
2026, doi: 10.1016/j.ultras.2025.107809.

M. R. Sobhani, M. Ghavami, A. K. Ilkhechi, J. Brown, and R.
Zemp, “Ultrafast Orthogonal Row—Column Electronic Scanning
(uFORCES) With Bias-Switchable Top-Orthogonal-to-Bottom
Electrode 2-D Arrays,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 69, no. 10, pp. 2823-2836, Oct. 2022, doi:
10.1109/TUFFC.2022.3189345.

S. Holbek, T. L. Christiansen, M. B. Stuart, C. Beers, E. V.
Thomsen, and J. A. Jensen, “3-D Vector Flow Estimation With
Row—Column-Addressed Arrays,” I[EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 63, no. 11, pp. 1799-1814, Nov.
2016, doi: 10.1109/TUFFC.2016.2582536.

G. Li et al, “A single crystal row—column-array for 3D
ultrasound imaging,” Ultrasonics, vol. 139, p. 107289, Apr.
2024, doi: 10.1016/j.ultras.2024.107289.

H. Bouzari, M. Engholm, S. I. Nikolov, M. B. Stuart, E. V.
Thomsen, and J. A. Jensen, “Imaging Performance for Two
Row—Column Arrays,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 66, no. 7, pp. 1209-1221, Jul. 2019, doi:
10.1109/TUFFC.2019.2914348.

M. Engholm, C. Beers, H. Bouzari, J. A. Jensen, and E. V.
Thomsen, “Increasing the field-of-view of row-column-
addressed ultrasound transducers: implementation of a diverging
compound lens,” Ultrasonics, vol. 88, pp. 97-105, Aug. 2018,
doi: 10.1016/j.ultras.2018.02.001.

A. Salari, M. Audoin, B. Gueorguiev Tomov, B. Y. S. Yiu, E.
Vilain Thomsen, and J. Arendt Jensen, “Beamformer for a
Lensed Row—Column Array in 3-D Ultrasound Imaging,” IEEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 72, no. 2, pp.
238-250, Feb. 2025, doi: 10.1109/TUFFC.2025.3526523.

J. Sauvage et al., “4D Functional Imaging of the Rat Brain Using
a Large Aperture Row-Column Array,” IEEE Trans. Med.
Imaging, vol. 39, no. 6, pp. 1884-1893, Jun. 2020, doi:
10.1109/TMI1.2019.2959833.

J. A. Jensen et al., “Anatomic and Functional Imaging Using
Row—Column Arrays,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 69, no. 10, pp. 2722-2738, Oct. 2022, doi:
10.1109/TUFFC.2022.3191391.

J. Zhang et al., “Enhancing Row-Column Array (RCA)-Based
3D Ultrasound Vascular Imaging With Spatial-Temporal
Similarity Weighting,” [EEE Trans. Med. Imaging, vol. 44, no.
1, pp. 297-309, Jan. 2025, doi: 10.1109/TM1.2024.3439615.

A. Wu et al., “3D transcranial Dynamic Ultrasound Localization
Microscopy in the mouse brain using a Row-Column Array,”
IEEE  Trans. Biomed. Eng., vpp. 1-12, 2025, doi:
10.1109/TBME.2025.3598693.

Q. Sun et al., “Single-Crystal Row—Column Array-Based Rat
Brain 3-D Ultrasound Localization Microscopy,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 72, no. 6, pp. 698-708,
Jun. 2025, doi: 10.1109/TUFFC.2025.3563809.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



20

This article has been accepted for publication in IEEE Transactions on Ultrasonics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TUSON.2026.3735239

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

J. Kim et al., “Deep Learning-based 3D Beamforming on a 2D
Row Column Addressing (RCA) Array for 3D Super-resolution
Ultrasound Localization Microscopy,” in 2022 IEEE
International Ultrasonics Symposium (IUS), Oct. 2022, pp. 1-4.
doi: 10.1109/1US54386.2022.9958375.

Z. Dong et al., “Three-Dimensional Shear Wave Elastography
Using a 2D Row Column Addressing (RCA) Array,” BME
Front., wvol. 2022, p. 9879632, Jul. 2022, doi:
10.34133/2022/9879632.

I. Taghavi et al., “In vivo 3D Super-Resolution Ultrasound
Imaging of a Rat Kidney using a Row-Column Array,” in 2022
IEEF International Ultrasonics Symposium (IUS), Oct. 2022, pp.
1-3. doi: 10.1109/1US54386.2022.9957892.

Q. Tan et al., “Transcutaneous Imaging of Rabbit Kidney Using
3-D Acoustic Wave Sparsely Activated Localization Microscopy
With a Row-Column-Addressed Array,” IEEE Trans. Biomed.
Eng., vol. 71, no. 12, pp. 34463456, Dec. 2024, doi:
10.1109/TBME.2024.3426487.

M. Flesch et al., “4D in vivo ultrafast ultrasound imaging using
a row-column addressed matrix and coherently-compounded
orthogonal plane waves,” Phys. Med. Biol., vol. 62, no. 11, pp.
4571-4588, Jun. 2017, doi: 10.1088/1361-6560/aa63d9.

J. Sauvage et al., “A large aperture row column addressed probe
for in vivo 4D ultrafast doppler ultrasound imaging,” Phys. Med.
Biol., vol. 63, no. 21, Art. no. 21, 24 2018, doi: 10.1088/1361-
6560/aae427.

Q. Sun, Y. Fu, S. Yan, and K. Xu, “4-D Vector Doppler Imaging
Using Row-Column Addressed Array,” IEEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 72, no. 2, pp. 202-214, Feb.
2025, doi: 10.1109/TUFFC.2024.3519179.

C. Blanquart et al., “Monitoring microvascular changes over time
with a repositionable 3D ultrasonic capacitive micromachined
row-column sensor,” Sci. Adv., vol. 11, no. 13, p. eadr6449, Mar.
2025, doi: 10.1126/sciadv.adr6449.

A. Logan and J. T. W. Yeow, “Fabricating capacitive
micromachined ultrasonic transducers with a novel silicon-
nitride-Based wafer bonding process,” [EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 56, no. 5, pp. 1074-1084, May
2009, doi: 10.1109/TUFFC.2009.1141.

R. S. Grass et al., “A Hand-Held 190+190 Row—Column
Addressed CMUT Probe for Volumetric Imaging,” IEEE Open
J. Ultrason. Ferroelectr. Freq. Control, vol. 2, pp. 220-236,
2022, doi: 10.1109/0JUFFC.2022.3213013.

M. Caudoux et al., “Curved Toroidal Row Column Addressed
Transducer for 3D Ultrafast Ultrasound Imaging,” IEEE Trans.
Med. Imaging, vol. 43, no. 9, pp. 3279-3291, Sep. 2024, doi:
10.1109/TMI1.2024.3391689.

H. Bouzari et al., “Curvilinear 3-D Imaging Using Row-Column-
Addressed 2-D Arrays With a Diverging Lens: Feasibility
Study,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol.
64, no. 6, pp. 978-988,  Jun. 2017,  doi:
10.1109/TUFFC.2017.2687521.

M. Audoin, A. Salari, B. G. Tomov, K. F. Pedersen, J. A. Jensen,
and E. V. Thomsen, “Diverging Polymer Acoustic Lens Design
for High-Resolution Row—Column  Array  Ultrasound
Transducers,” [EEE Trans. Ultrason. Ferroelectr. Freq. Control,
vol. 71, no. 1, pp. 202-213, Jan. 2024, doi:
10.1109/TUFFC.2023.3327567.

S. Zhou et al, “Transcranial volumetric imaging using a
conformal ultrasound patch,” Nature, vol. 629, no. 8013, pp.
810-818, May 2024, doi: 10.1038/s41586-024-07381-5.

H. Hu et al., “A wearable cardiac ultrasound imager,” Nature,
vol. 613, no. 7945, pp. 667-675, Jan. 2023, doi: 10.1038/s41586-
022-05498-z.

W. Lee, S. F. Idriss, P. D. Wolf, and S. W. Smith, “A miniaturized
catheter 2-D array for real-time, 3-D intracardiac
echocardiography,” IEEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 51, no. 10, pp. 1334-1346, Oct. 2004, doi:
10.1109/tuffc.2004.1350962.

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

IEEE TRANSACTIONS ON ULTRASONICS %

D. T. Yeh, O. Oralkan, I. O. Wygant, M. O’Donnell, and B. T.
Khuri-Yakub, “3-D ultrasound imaging using a forward-looking
CMUT ring array for intravascular/intracardiac applications,”
IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 53, no. 6,
pp- 1202-1211, Jun. 2006, doi: 10.1109/tuffc.2006.1642519.

D. E. Dausch, K. H. Gilchrist, J. B. Carlson, S. D. Hall, J. B.
Castellucci, and O. T. von Ramm, “In vivo real-time 3-D
intracardiac echo using PMUT arrays,” IEEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 61, no. 10, pp. 1754-1764, Oct.
2014, doi: 10.1109/TUFFC.2014.006452.

N. M. Daher and J. T. Yen, “2-D array for 3-D Ultrasound
Imaging Using Synthetic Aperture Techniques,” IEEE Trans.
Ultrason. Ferroelectr. Freq. Control,vol. 53, no. 5, pp. 912-924,
May 2006, doi: 10.1109/tuffc.2006.1632682.

G. Le Moign, P. Masson, O. Basset, H. Liebgott, and N.
Quaegebeur, “Optimized Virtual Sources Distributions for 3-D
Ultrafast Diverging Wave Compounding Imaging: A Simulation
Study,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol.
70, no. 10, pp. 1319-1328, Oct. 2023, doi:
10.1109/TUFFC.2023.3307336.

J. A. Jensen, “Field: A Program for Simulating Ultrasound
Systems,” 1996, pp. 351-353.

B. E. Treeby and B. T. Cox, “k-Wave: MATLAB toolbox for the
simulation and reconstruction of photoacoustic wave fields,” J.
Biomed. Opt., vol. 15, no. 2, p. 021314, Mar. 2010, doi:
10.1117/1.3360308.

D. Garcia and F. Varray, “SIMUS3: An open-source simulator
for 3-D ultrasound imaging,” Comput. Methods Programs
Biomed., vol. 250, p. 108169, Jun. 2024, doi:
10.1016/j.cmpb.2024.108169.

D. Garcia, “Make the most of MUST, an open-source Matlab
UltraSound Toolbox,” in 2021 IEEE International Ultrasonics
Symposium  (IUS),  Sep. 2021,  pp. 1-4.  doi:
10.1109/1US52206.2021.9593605.

B. Heiles et al., “PROTEUS: A Physically Realistic Contrast-
Enhanced Ultrasound Simulator-Part II: Imaging Applications,”
IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 72, no. 7,
pp. 866-878, Jul. 2025, doi: 10.1109/TUFFC.2025.3566437.

H. Belgharbi et al., “An Anatomically and Hemodynamically
Realistic Simulation Framework for 3D Ultrasound Localization
Microscopy,” Oct. 09, 2021, bioRxiv. doi:
10.1101/2021.10.08.463259.

S. A. Lee et al, “The-Bodega: A Matlab Toolbox for
Biologically Dynamic Microbubble Simulations on Realistic
Hemodynamic Microvascular Graphs,” Sep. 09, 2025, arXiv:
arXiv:2509.08149. doi: 10.48550/arXiv.2509.08149.

J. Reydet et al., “Human brain hemodynamics for 3D ultrasound
localization microscopy benchmarking,” Comput. Biol. Med.,
vol. 200, p. 111370, Jan. 2026, doi:
10.1016/j.compbiomed.2025.111370.

J. Reydet, A. Dizeux, N. Haidour, M. Tanter, M. Pernot, and C.
Papadacci, “Human coronary hemodynamics for cardiac 3D
ultrasound localization microscopy benchmarking,” Phys. Med.
Biol., vol. 71, no. 15, p. 155030, Aug. 2026, doi: 10.1088/1361-
6560/ae8aac.

G. Montaldo, M. Tanter, J. Bercoff, N. Benech, and M. Fink,
“Coherent plane-wave compounding for very high frame rate
ultrasonography and transient elastography,” [EEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 56, no. 3, Art. no. 3,
Mar. 2009, doi: 10.1109/TUFFC.2009.1067.

C. Papadacci, M. Pernot, M. Couade, M. Fink, and M. Tanter,
“High-contrast ultrafast imaging of the heart,” /EEE Trans.
Ultrason. Ferroelectr. Freq. Control, vol. 61, no. 2, Art. no. 2,
Feb. 2014, doi: 10.1109/TUFFC.2014.6722614.

L. Wei et al, “High Frame Rate Volumetric Imaging of
Microbubbles Using a Sparse Array and Spatial Coherence
Beamforming,” [EEE Trans. Ultrason. Ferroelectr. Freq.
Control, vol. 68, no. 10, pp. 3069-3081, Oct. 2021, doi:
10.1109/TUFFC.2021.3086597.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

This article has been accepted for publication in IEEE Transactions on Ultrasonics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TUSON.2026.3735239

FIRST AUTHOR et al.: TITL

21

A.J. Y. Chee, T. Ishii, B. Y. S. Yiu, and A. C. H. Yu, “Helical
toroid phantom for 3D flow imaging investigations,” Phys. Med.
Biol., vol. 66, no. 4, p. 045029, Feb. 2021, doi: 10.1088/1361-
6560/abda99.

W.-C. Lo, Y.-L. Huang, C.-H. Fan, and C.-K. Yeh, “3-D Ultrafast
Ultrasound Imaging of Microbubbles Trapped Using an Acoustic
Vortex,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol.
68, mno. 12, pp. 3507-3514, Dec. 2021, doi:
10.1109/TUFFC.2021.3095241.

J.-L. Gennisson et al., “4-D ultrafast shear-wave imaging,” IEEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 62, no. 6, Art.
no. 6, Jun. 2015, doi: 10.1109/TUFFC.2014.006936.

S. Chatelin et al, “Anisotropic polyvinyl alcohol hydrogel
phantom for shear wave elastography in fibrous biological soft
tissue: a multimodality characterization,” Phys. Med. Biol., vol.
59, mno. 22, p. 6923, Oct. 2014, doi: 10.1088/0031-
9155/59/22/6923.

J. A. Jensen et al., “Three-Dimensional Super-Resolution
Imaging Using a Row—Column Array,” /EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 67, no. 3, pp. 538-546, Mar.
2020, doi: 10.1109/TUFFC.2019.2948563.

S. Harput et al., “3-D Super-Resolution Ultrasound Imaging
With a 2-D Sparse Array,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, vol. 67, no. 2, pp. 269-277, Feb. 2020, doi:
10.1109/TUFFC.2019.2943646.

O. Pedreira et al., “Quantitative stiffness assessment of cardiac
grafts using ultrasound in a porcine model: A tissue biomarker
for heart transplantation,” eBioMedicine, vol. 83, p. 104201,
Aug. 2022, doi: 10.1016/j.ebiom.2022.104201.

C. Papadacci, M. Tanter, M. Pernot, and M. Fink, “Ultrasound
backscatter tensor imaging (BTI): analysis of the spatial
coherence of ultrasonic speckle in anisotropic soft tissues,” I[EEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 61, no. 6, pp.
986996, Jun. 2014, doi: 10.1109/TUFFC.2014.2994.

R. Dumas, B. Pialot, and F. Varray, “Complete 3D anisotropy
measurement with coherence imaging,” in 2023 IEEE
International Ultrasonics Symposium (IUS), Sep. 2023, pp. 1-4.
doi: 10.1109/1US51837.2023.10308019.

O. Demeulenaere et al., “Coronary Flow Assessment Using 3-
Dimensional Ultrafast Ultrasound Localization Microscopy,”
JACC Cardiovasc. Imaging, vol. 15, no. 7, pp. 1193-1208, Jul.
2022, doi: 10.1016/j.jemg.2022.02.008.

J. Voorneveld et al., “4-D Echo-Particle Image Velocimetry in a
Left Ventricular Phantom,” Ultrasound Med. Biol., vol. 46, no.
3, pp- 805-817, Mar. 2020, doi:
10.1016/j.ultrasmedbio.2019.11.020.
M. Correia et al., “Quantitative imaging of coronary flows using
3D ultrafast Doppler coronary angiography,” Phys. Med. Biol.,
vol. 65, no. 10, p. 105013, May 2020, doi: 10.1088/1361-
6560/ab8d78.

C. Papadacci, E. A. Bunting, E. Y. Wan, P. Nauleau, and E. E.
Konofagou, “3D Myocardial Elastography In Vivo,” IEEE
Trans. Med. Imaging, vol. 36, no. 2, Art. no. 2, 2017, doi:
10.1109/TMI.2016.2623636.

J. Grondin, D. Wang, C. S. Grubb, N. Trayanova, and E. E.
Konofagou, “4D cardiac electromechanical activation imaging,”
Comput. Biol. Med., vol. 113, p. 103382, Oct. 2019, doi:
10.1016/j.compbiomed.2019.103382.

R. M. Jones et al., “Non-invasive 4D transcranial functional
ultrasound and ultrasound localization microscopy for
multimodal imaging of neurovascular response,” Sci. Rep., vol.
14, no. 1, p. 30240, Dec. 2024, doi: 10.1038/s41598-024-81243-
y.

A. Bertolo et al., “Whole-Brain 3D Activation and Functional
Connectivity Mapping in Mice using Transcranial Functional
Ultrasound Imaging,” J. Vis. Exp. JoVE, no. 168, Feb. 2021, doi:
10.3791/62267.

C. Brunner et al., “A Platform for Brain-wide Volumetric
Functional Ultrasound Imaging and Analysis of Circuit

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

Dynamics in Awake Mice,” Neuron, vol. 108, no. 5, pp. 861-
875.e7, Dec. 2020, doi: 10.1016/j.neuron.2020.09.020.

A. Bertolo et al, “High sensitivity mapping of brain-wide
functional networks in awake mice using simultaneous multi-
slice fUS imaging,” Imaging Neurosci., vol. 1, p. imag—1-00030,
Nov. 2023, doi: 10.1162/imag_a 00030.

B. Heiles et al, “Volumetric Ultrasound Localization
Microscopy of the Whole Rat Brain Microvasculature,” /EEE
Open J. Ultrason. Ferroelectr. Freq. Control, vol. 2, pp. 261—
282,2022, doi: 10.1109/0JUFFC.2022.3214185.

J.R. McCall, F. Santibanez, H. Belgharbi, G. F. Pinton, and P. A.
Dayton, “Non-invasive transcranial volumetric ultrasound
localization microscopy of the rat brain with continuous, high
volume-rate acquisition,” Theranostics, vol. 13, no. 4, pp. 1235—
1246, 2023, doi: 10.7150/thno.79189.

0. Demeulenaere et al., “In vivo whole brain microvascular
imaging in mice using transcranial 3D Ultrasound Localization
Microscopy,” eBioMedicine, vol. 79, May 2022, doi:
10.1016/j.ebiom.2022.103995.

Y. Shin, Q. You, Y. Wang, M. R. Lowerison, B.-Z. Lin, and P.
Song, “Microbubble Backscattering Intensity Improves the
Sensitivity of Three-dimensional (3D) Functional Ultrasound
Localization Microscopy (fULM),” IEEE Trans. Med. Imaging,
pp. 1-1, 2026, doi: 10.1109/TM1.2026.3659777.

P. Xing et al., “3D ultrasound localization microscopy of the
nonhuman primate brain,” EBioMedicine, vol. 111, p. 105457,
Jan. 2025, doi: 10.1016/j.ebiom.2024.105457.

A. Coudert et al., “3-D Transcranial Ultrasound Localization
Microscopy Reveals Major Arteries in the Sheep Brain,” IEEE
Trans. Ultrason. Ferroelectr. Freq. Control, vol. 71, no. 12:
Breaking the Resolution Barrier in Ultrasound, pp. 1666—1676,
Dec. 2024, doi: 10.1109/TUFFC.2024.3432998.

F. Bureau, L. Denis, A. Coudert, M. Fink, O. Couture, and A.
Aubry, “Ultrasound matrix imaging for 3D transcranial in vivo
localization microscopy,” Sci. Adv., vol. 11, no. 31, p. eadt9778,
Jul. 2025, doi: 10.1126/sciadv.adt9778.

Y. Shin, Q. You, Y. Wang, M. R. Lowerison, B.-Z. Lin, and P.
Song, “Microbubble Backscattering Intensity Improves the
Sensitivity of Three-dimensional (3D) Functional Ultrasound
Localization Microscopy (fULM),” BioRxiv Prepr. Serv. Biol., p.
2025.04.16.649234, Oct. 2025, doi: 10.1101/2025.04.16.649234.
B. Heiles et al., “Nonlinear sound-sheet microscopy: imaging
opaque organs at the capillary and cellular scale,” Science, vol.
388, no. 6742, p. eadsl325, Apr. 2025, doi:
10.1126/science.ads1325.

G. Chabouh et al, “Whole Organ Volumetric Sensing
Ultrasound Localization Microscopy for Characterization of
Kidney Structure,” IEEE Trans. Med. Imaging, vol. 43, no. 11,
pp. 4055-4063, Nov. 2024, doi: 10.1109/TM1.2024.3411669.

S. K. Prasius, L. T. Jorgensen, and J. A. Jensen, “Real-Time Full-
Volume Row-Column Imaging,” [EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 72, no. 1, pp. 109-126, Jan.
2025, doi: 10.1109/TUFFC.2024.3509683.

K. Riemer et al.,, “3D Acoustic Wave Sparsely Activated
Localization Microscopy With Phase Change Contrast Agents,”
Invest. Radiol., vol. 59, no. 5, pp. 379-390, May 2024, doi:
10.1097/RLI.0000000000001033.

L. A. Kasatkina et al., “Deep-tissue high-sensitivity multimodal
imaging and optogenetic manipulation enabled by biliverdin
reductase knockout,” Nat. Commun., vol. 16, no. 1, p. 6469, Jul.
2025, doi: 10.1038/s41467-025-61532-4.

Y. Tang et al., “Non-Invasive Deep-Brain Imaging With 3D
Integrated  Photoacoustic ~ Tomography and Ultrasound
Localization Microscopy (3D-PAULM),” [EEE Trans. Med.
Imaging, vol. 44, no. 2, pp. 994-1004, Feb. 2025, doi:
10.1109/TM1.2024.3477317.

L. Denis, G. Chabouh, B. Heiles, and O. Couture, “Volumetric
Ultrasound Localization Microscopy,” [EEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 71, no. 12: Breaking the

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



22

This article has been accepted for publication in IEEE Transactions on Ultrasonics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TUSON.2026.3735239

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

Resolution Barrier in Ultrasound, pp. 1643—-1656, Dec. 2024, doi:
10.1109/TUFFC.2024.3485556.

N. Guezzi ef al., “Contrast agent-free 3D ultrasound deep-depth
vascular imaging with a 2D row column addressed Array: In vivo
human clinical feasibility study,” Ultrasonics, vol. 158, p.
107805, Feb. 2026, doi: 10.1016/j.ultras.2025.107805.

H. Plath et al., “First in human whole-organ mapping of renal
microcirculatory hemodynamics in vivo using 3D ultrasound
localization microscopy,” Lancet Med. Imaging Theranostics,
2026, doi: In Press.

I.-Z. Apostolakis, P. Nauleau, C. Papadacci, M. D. McGarry, and
E. E. Konofagou, “Feasibility and Validation of 4-D Pulse Wave
Imaging in Phantoms and In Vivo,” IEEE Trans. Ultrason.
Ferroelectr. Freq. Control, vol. 64, no. 9, pp. 1305-1317, Sep.
2017, doi: 10.1109/TUFFC.2017.2735381.

C. Papadacci et al., “4D simultaneous tissue and blood flow
Doppler imaging: revisiting cardiac Doppler index with single
heart beat 4D ultrafast echocardiography,” Phys. Med. Biol., vol.
64, no. 8, Art. no. 8, Apr. 2019, doi: 10.1088/1361-6560/ab1107.
M. Mohajery, S. Salles, T. Espeland, S. Fadnes, and L.
Lovstakken, “Automated 3D velocity estimation of natural
mechanical wave propagation in the myocardium,” IEEE Open
J. Ultrason. Ferroelectr. Freq. Control, vol. 3, pp. 210-222,
2023.

A. Caenen, K. Papangelopoulou, L. Wouters, E. Seliverstova, J.-
U. Voigt, and J. D’Hooge, “3D High-Frame-Rate Imaging of
Natural Shear Waves in the Parasternal View of the Heart,” IEEE
Open J. Ultrason. Ferroelectr. Freq. Control, vol. 5, pp. 1-5,
2025, doi: 10.1109/0JUFFC.2025.3538819.

O. Pedreira et al., “Smart Ultrasound Device for Non-Invasive
Real-Time Myocardial Stiffness Quantification of the Human
Heart,” IEEE Trans. Biomed. Eng., vol. 69, no. 1, pp. 42-52, Jan.
2022, doi: 10.1109/TBME.2021.3087039.

T. Meki, O. Pedreira, J. Reydet, A. Dizeux, C. Papadacci, and M.
Pernot, “In-vivo muscle characterization by 3D Elastic and
Backscatter Tensor Imaging using a low channel count system,”
IEEE Trans. Biomed. Eng., vol. PP, Nov. 2025, doi:
10.1109/TBME.2025.3630001.

L. Wei et al., “Intraoperative ultrasound localization microscopy
of human brain tumors and arteriovenous malformations,” Sep.
25,2025, medRxiv. doi: 10.1101/2025.09.19.25335978.

Y. Han et al., “4D Ultrasound Localization Microscopy of Deep
Cerebral Perforating Arteries for Intraoperative Neurosurgical
Guidance,” Feb. 06, 2026, medRXxiv. doi:
10.64898/2026.02.06.26345454.

C. Allegre, Galilée. Plon, 2005.

O. Gingerich, “Galileo, the Impact of the Telescope, and the Birth
of Modern Astronomy,” Proc. Am. Philos. Soc., vol. 155, no. 2,
pp. 134-141,2011.

G. Hinton, O. Vinyals, and J. Dean, “Distilling the Knowledge in
a Neural Network,” arXiv.org. Accessed: Apr. 08, 2026.
[Online]. Available: https://arxiv.org/abs/1503.02531v1

I. Hubara, M. Courbariaux, D. Soudry, R. El-Yaniv, and Y.
Bengio, “Quantized neural networks: training neural networks
with low precision weights and activations,” J Mach Learn Res,
vol. 18, no. 1, pp. 6869—6898, Jan. 2017.

N. Jouppi, C. Young, N. Patil, and D. Patterson, “Motivation for
and Evaluation of the First Tensor Processing Unit,” /[EEE Micro,
vol. 38, no. 3, pp. 10-19, May 2018, doi:
10.1109/MM.2018.032271057.

H. Guan, J. Dong, and W.-N. Lee, “A Novel Training Framework
for Physics-informed Neural Networks: Towards Real-time
Applications in Ultrafast Ultrasound Blood Flow Imaging,”
arXiv.org. Accessed: Apr. 08, 2026. [Online]. Available:
https://arxiv.org/abs/2309.04755v2

IEEE TRANSACTIONS ON ULTRASONICS %

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



