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Abstract: Functional Ultrasound Imaging (fUSi) offers the ability to monitor brain mesoscale 
hemodynamics with high spatiotemporal resolution (100 micrometers, 200 milliseconds) across a 
field of view that includes both cortical and subcortical structures. Notably, it can be integrated with 
cellular resolution techniques such as electrophysiology and optical imaging in freely behaving 
animals, enabling the study of neurovascular interactions across various brain states and regions 
within the same subject. The combination of fUSi with electrophysiology has the potential to initiate 
a paradigm shift in systems neuroscience, contingent upon the reliable establishment of the neural 
underpinnings of the fUS signal. In this paper, we review the significant milestones in functional 
ultrasound over the past decade and discuss the opportunities, as well as the technological and 
conceptual challenges that lie ahead. We also propose future directions for functional ultrasound 
imaging studies, particularly focusing on freely behaving and head-fixed animals. 

Keywords: Functional Ultrasound Imaging; Electrophysiology; Neurovascular Coupling; 
Hemodynamics; Brain Rhythms  
 

1. Introduction: Looking large or Looking Fine? 
Monitoring the activity of billions of brain cells at once is not possible, except in very specific 

cases [Ahrens et al 2013], so neuroscientists must fix their gaze and look in detail. But because most 
brain processes occur at the system level and involve multiple brain structures at the same time, they 
also must keep looking everywhere. How does one deal with this antagonism? What is the best 
strategy when one wants to record brain activity during a complex cognitive process such as memory, 
without risking missing key information? Over the past decades, the neuroscience community has 
witnessed many technological advances in terms of computing power, spatial and temporal 
resolutions. This has considerably increased the amount of data produced [Sejnowski et al 2014], but 
neuroscientists keep facing the same dilemma: to look fine or to look large.  

Multimodal (or cross-modal) approaches, hence named because they combine “modes” or 
techniques, offer the best hope to solve this problem. The prime motivation for these is that operate 
at different spatial and temporal scales and thus complement each other: BOLD fMRI can record 
whole-brain activity in a behaving subject, but its low temporal dynamics impede the study of 
transient events, unless it is coupled to electrophysiological recordings. Similarly, wide-field optical 
imaging can reveal brain-wide patterns invisible in smaller field of views, but understanding their 
mechanisms requires cellular-resolutions techniques or sensors of sub-threshold dynamics. Second, 
because the brain is a complex dynamical system, observing it from different angles is key.  So, what 
first appeared as a constraint – the impossibility to record neurons over the whole brain at once – can 
also be seen as an opportunity, because different recording approaches monitor different 
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physiological processes. While electrophysiological signals sense the electrical properties of neurons 
and astrocytes, optical imaging can detect the changes in vessel diameter or oxygenation in a live 
tissue. Multimodal approaches have this unique property: they capture intricate processes that 
influence one another, yielding a more complete vision of brain mechanisms than any recording 
approach alone. 

Over the past decade, functional ultrasound imaging  has emerged as an innovative technology 
that uses the emission and reception of ultrasound plane waves at high pulse repetition frequency. 
This allows for the monitoring of cerebral blood volume (CBV) and cerebral blood flow (CBF) with 
unprecedented resolutions. The key advantages of functional imaging include: 1- **Imaging deep 
brain networks**: Unlike light waves, ultrasound waves maintain their coherence while traveling 
through brain tissue, reducing signal loss due to scattering. This enables imaging of distributed 
networks deep within the brain 2- ** Lightweight probes**: the relatively low weight of the recording 
probes (made of piezoelectric transducers) allows for the design of lightweight holders. This makes 
it possible to implant them in animals, to capture images during ecological, unconstrained behaviors, 
as well as in head-fixed setups 3- **Extended recording duration**: There are virtually no constraints 
on the duration of recordings, which can last several hours within a single session and extend across 
sessions for several weeks or months. This makes functional ultrasound imaging an ideal tool for 
longitudinal studies. 4- **Compatibility with other techniques**: The technology can be combined 
with other recording methods, enhancing its versatility and applicability in research. 

The combination of functional ultrasound imaging (fUSi) and electrophysiology (ephys) (see 
Figure 1) is particularly interesting, because it takes advantage of both methods, namely the large 
field of view of fUSi and the temporal resolution of electrophysiology. Over the past decade, it has 
demonstrated its potential for investigating the large-scale correlates of epileptic seizures in vivo 
[Macé et al 2011, Sieu et al 2015]. This approach can also be used to study brain rhythms that reflect 
coordinated neural activity [Bergel et al 2018, 2020] or single-unit activity in non-human primates 
engaged in cognitive tasks [Claron et al 2023].  

 
Figure 1. Combined fUSi-Ephys recordings bridge the gap between brain coverage and resolution (a) 
The fUSi technology sits between whole-brain technologies with limited spatiotemporal resolution 
(PET: positron emission tomography, fMRI: functional magnetic resonance imaging, EEG: electro-
encephalography, MEG: magneto-encephalography) and cellular resolution techniques with a limited 
field of view (1PM/2PM: 1 or 2-photon microscopes, IOS: intrinsic optical imaging, Ephys: 
electrophysiology) (b) fUSi-Ephys combined recordings in rodents provide vascular data over one or 
several imaging planes in freely-moving conditions (or volumes in head-fixed setups) and multisite 
neural data including field potentials or spiking activity, with permanently implanted electrodes. 
Adapted from Matei et al. 2022. (c) fUSi-Ephys combined recordings in non-human primates provides 
vascular data over a single plane in combination with single-unit activity. Importantly, fUSi can 
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record echoes generated by electrode displacement allowing for a precise placement of electrode tip 
and precise comparison of unit activity with CBV. Adapted from Claron et al. 2023. 

Notably, fUS imaging provides access to hemodynamics with greater sensitivity and resolutions 
than fMRI scanners. It can be utilized in various setups, including head-fixed, sleeping and freely-
running animals. Therefore, the fUS-Ephys approach has the potential to significantly  enhance our 
understanding of neurovascular coupling, which is the fundamental biological process underlying 
neuroimaging data in humans and  is impaired in many pathological conditions.   

2. A Brief History of Functional Ultrasound Imaging – Significant Milestones 
2.1. The Advent of Functional Ultrasound Imaging 

The evolution of brain imaging has led to the development of various modalities designed to 
provide increasingly detailed views of living bodies. Early in the 1950s, Transcranial Doppler 
Ultrasound (TCD), was applied through the temporal bone and shown to effectively monitor blood 
flow in large basal intracerebral arteries [Aaslid et al. 1982]. However, its limited sensitivity made 
detecting slower blood flow in smaller vessels challenging. Interestingly, identifying slow blood flow 
became possible by significantly increasing the frame rate of ultrasound scanners to thousands of 
frames per second, compared to the standard rate of 20-50 frames per second used in conventional 
ultrasound systems. The clinical potential of ultrafast ultrasound was first highlighted in 
elastography and cancer diagnosis [Tanter et al 2008]. Subsequently, it was used to detect changes in 
cerebral blood flow during whisker stimulation in a rat model, where Ultrafast Doppler successfully 
captured subtle alterations induced by neurovascular coupling, leading to functional ultrasound 
imaging (fUSi) [Macé et al 2011].The fUSi signal is directly proportional to cerebral blood volume 
(CBV) and correlates with local dendritic calcium concentration.  

Since its initial image acquisitions, functional ultrasound imaging (fUSi) has proven to be a 
powerful technique for a variety of applications in both animal models and clinical settings. It has 
successfully been applied to the mapping of resting-state networks in the brain in lightly sedated 
mice, providing evidence for task-induced deactivation and disconnection of a major default mode 
network hub [Ferrier et al 2020]. Additionally, fUSi has been used to study alterations in brain 
connectomes under diverse conditions, such as fetal growth restriction and models of arthritis-related 
pain [Rahal et al 2020]. This technique has also shown effectiveness in pharmacological studies and 
drug discovery, and it has recently expanded to include functional imaging of the spinal cord [Claron 
et al 2021]. Furthermore, fUS imaging has been employed to map sensory cortical regions related to 
olfaction, audition, vision, and nociception, as well as to track spreading depression waves [Rabut et 
al 2019]. In non-human primates, fUS imaging has demonstrated the ability to provide single-trial 
imaging during complex tasks, yielding valuable insights into movement control and planning 
[Dizeux et al 2019]. In human applications, fUS imaging has capitalized on unique clinical situations 
where the skull is absent, such as during functional cortical mapping in intra-operative craniotomy 
procedures [Imbault et al 2017] and through the anterior fontanelle window in newborns during 
seizures or while observing resting-state spontaneous activity [Demene et al 2017].  

2.2.The Physics of Functional Ultrasound Imaging 
Several excellent reviews have been published focusing on the physical principles underlying 

ultrafast ultrasound imaging [Tanter and Fink 2014, Deffieux et al 2018, Montaldo et al 2022]. Briefly, 
fUSi takes advantage of the combination of (1) plane wave emission/reception rather than Pulsed-
Doppler line-by-line image reconstruction typically used in conventional echography to maintain a 
very high frame rate (up to 1KHz) at each location in the imaging field (2) coherent summation of 
beamformed images, known as compound imaging, and post-hoc signal processing to separate tissue 
clutter signal from echoes back-propagated by red blood cells [Mace et al 2013, Demene et al 2015] to 
generate maps of cerebral blood volume (CBV) over a single plane or volume. fUSi can image deep 
into the body due to the lesser interactions and scattering-related distortions of ultrasound 
wavefronts as they travel into the body. However, as for any wave, there is a trade-off between 
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frequency and penetration. In practical terms, it basically means that fUS users must decide between 
the size of the imaging field or the spatial resolution they typically need, with one parameter 
constraining the other. A typical frame rate of 2.5 Hz is commonly-used in the community, with a 
depth of 2 mm with 100-150 microns resolution in rodents, and a maximal imaging depth of 1 cm at 
500 microns resolution in non-human primates. Similarly, the frame rate can be increased by 
increasing the pulse repetition frequency at the expense of image quality, particularly in small 
vessels. With a spatial resolution of 100 µm, a typical temporal resolution of 100 milliseconds, and a 
blood flow sensitivity of ~1 mm·s⁻¹, fUSi stands out as a highly competitive neuroimaging modality 
in neuroscience.   

2.3. A Versatile Tool Compatible with Neuro-Imaging and Cellular-Resolution Techniques in Multiple 
Species 

The versatility of fUSi becomes particularly evident when it is combined with other imaging 
modalities. As illustrated in Figure 1, pairing fUSi (which captures vascular signals) with 
electrophysiology (which records neural signals) helps disentangle the contributions of neuronal, 
vascular, and metabolic activities. This integration provides a more comprehensive understanding of 
brain function and connectivity. In general, multimodal imaging approaches enhance our 
understanding of neurovascular coupling, which is critical for interpreting signals from functional 
brain imaging techniques like fMRI. By combining these methods, neuroscientists might hope to 
uncover relationships between structural connectivity, neural activity, and vascular dynamics that 
might be overlooked when using a single modality. Multimodal imaging bridges the gap between 
microscopic and macroscopic scales, linking cellular processes observed through techniques like two-
photon microscopy with large-scale network dynamics revealed by whole-brain methods like fUSi 
or fMRI. 

In the past decade, fUSi has been incorporated into various experimental frameworks in 
preclinical studies, highlighting its potential to unravel complex neurovascular dynamics. It was first 
used in combination with electrophysiology in anesthetized rats to provide the first detailed maps of 
the propagation of an epileptic-like events triggered by a 4AP focal injection [Mace et al 2011] and 
subsequently in freely-moving rats running on a linear track and in a model of absence seizures [Sieu 
et al. 2015]. The success of such approaches is based on the rapid translations of conceptual advances 
(such as coherent compounding), into technological breakthroughs (GPU based beamforming for 
instance) that finally translate into experimental proof-of concepts studies and ultimately scientific 
advances. This is illustrated in Figure 2 for fUSi with a particular emphasis on multimodal studies. 

In 2019, in an important study, Boido and colleagues performed fUSi recordings, calcium 
dynamics with two-photon microscopy (TPM) and fMRI in the same animals and co-registered the 
sensory responses to odor in the olfactory of anesthetized mice. [Boido et al 2019]. In a subsequent 
study, the same group showed that co-registering fUSi signals with TPM could establish “transfer 
functions” between calcium dynamics and hemodynamic responses that were linear over a wide 
range of stimulation paradigms [Aydin et al 2020]. Though not simultaneous, these recordings allow 
researchers to establish the physiological basis of fUSi signals at a better resolution than BOLD fMRI. 
In 2021, fUSi was successfully combined with optogenetics (which can selectively modulate specific 
types of neurons), to enable the precise manipulation and observation of neural circuits [Sans-
Dublanc et al. 2021]. It was later shown that they could couple electrophysiological recordings with 
‘Neuropixel’ probes [Jun et al 2017] – a type of electrode that allows the simultaneous recordings of 
hundreds to thousands of neurons with a single electrode in head-fixed mice and showed that fUSi 
signals can be inferred by the firing of neurons via a convolution function that resembled the ones 
acquired with optical methods [Nunez-Elizalde et al 2022, Lambert et al. 2024]. These seminal studies 
have not yet been performed in freely-moving rodents which is an important step towards 
investigating neurovascular interactions in a wide range of contexts and without potential confounds. 

In parallel, fUSi has become available in numerous species, mainly owing to the developments 
of lightweight ultrasound probes that can be mounted and fixed onto a holder permanently fixed to 
the skull (see Figure 2). This has led to the development of fUSi in mice both freely-moving [Tiran et 
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al 2017] and later in head-fixed with volumetric probes [Mace et al 2018], in head-fixed ferrets 
[Bimbard et al 2017], pigeons [Rau et al. 2018], rhesus macaques [Dizeux et al 2019, Blaize et al 2020] 
and more recently marmosets [Zhang et al 2022]. Of note, electrophysiology has been combined with 
fUSi in only one of these species at present [Claron et al. 2023], but we expect a growing interest in 
these approaches by the community. Taken together, these studies show a growing interest in 
combining modalities with functional ultrasound imaging and we expect  

 
Figure 2. Significant milestones in fUSi imaging (a) Timeline recapitulating the significant conceptual, 
technological and experimental advances in fUS imaging. Conceptual and technological milestones 
have progressively made fUSi technology available in vivo, with a constant refinement of 
technological and conceptual advances to permit multimodal studies. Note the increase in 
combination of standard neuroscience tools with fUSi in  the past 5 years. (b) Timeline recapitulating 
the different species where fUSi has become available. It was historically developed in anesthetized 
rats and became available in a wide range of setups. Of note, combined fUS-ephys recordings are still 
not widely used in the community, probably owing to the lack of lightweight probes and the bulkiness 
of current setups. 

3. Opportunities in Combined fUS-Ephys Recordings 
3.1. Revealing the Large-Scale Correlates of Brain Rhythms 

Brain rhythms have been observed as early as 1929 concurrent with the discovery of electro-
encephalography [Berger, 1929]. They emerge from the collective coordinated firing of neurons in 
response to a specific behavior (attention, locomotion, decision making) or spontaneously across 
different brain states (drowsiness, NREM sleep, REM sleep) and call also be the hallmark of 
pathological conditions (epilepsy, narcolepsy). Brain rhythms arise from neuronal firing but, in turn, 
also affect it, because the fluctuation in extracellular potential modulates the excitability of neurons. 
Observing the neural correlates of brain rhythms is crucial to understand their generative 
mechanisms and their mechanical effects, but this is very hard to do in practice due to the invasive 
nature of electrophysiology or the poor spatial resolution of EEG.  
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The combination of fUS and electrophysiology is particularly well-suited to solve these issues 
and thus better characterize brain states. It has been successfully used to reveal the correlates of theta 
rhythm (7-9 Hz), a prominent oscillation observed in the hippocampus of mammals during active 
behavior such as locomotion and REM sleep. Interestingly, theta rhythm is coupled with higher 
frequency rhythms such as  gamma oscillations (80-120 Hz) especially prominent in the dentate 
gyrus of rodents. These oscillations precede and correlate with local cerebral blood volume (CBV) in 
many brain regions, with a consistent delay of 1.0 to 1.5 seconds during REM sleep [Bergel et al 2018] 
and wake [Bergel et al 2020]. This approach is not limited to theta and can be generalized to study 
the spatiotemporal dynamics of any brain rhythm, with the assumption that hemodynamics are 
faithful proxies of neuronal activity. Though this relationship is complex, a recent study has 
demonstrated that the spatiotemporal match of fUSi signals tightly correlates with neural activity 
[Lambert et al. 2024]. 

3.2. Studying Neurovascular Coupling Across Brain States 
In chronic rat models, techniques such as thinned-skull procedures or the implantation of 

acoustically transparent cranial windows have been proposed to maintain imaging quality and 
perform longitudinal recordings extending the scope of fUSi to non-acute preparations. Additionally, 
the introduction of microbubble contrast agents and nanometric gas vesicles has enhanced the fUS 
signal, facilitating non-invasive imaging in rats. One major advantage of fUS imaging over functional 
MRI (fMRI) is its capacity for deep brain imaging in awake or freely moving animal models. This 
crucial capability stems from the miniaturization of ultrasonic probes mounted on the animal's head, 
enabling whole-brain imaging in actively behaving rodents during various activities such as absence 
seizures, operant tasks, different states of sleep, and locomotion in mazes. Awake imaging also allows 
for dynamic monitoring of functional connectivity without the potential confounding effects of 
anesthesia (see Figure 3). In adult humans, the portability of fUS imaging positions it as a suitable 
modality for developing minimally invasive brain-machine interfaces, especially when ultrasonic 
transducers are implanted within the skull to image through the intact dura. This approach has 
recently been demonstrated for decoding movement intentions in the posterior parietal cortex of 
macaques. 

  An important avenue for further studies will be to evaluate the impact of diffuse 
neuromodulator systems on fUSi signals for instance acetylcholine and noradrenaline which are 
known to be modulated across the sleep-wake cycle and have potent effects on cerebral perfusion 
and can modify neurovascular coupling [Lecrux and Hamel 2016]. Even during a supposedly 
homogenous state such as wake, fUSi responses have been demonstrated to differ dramatically 
within the same recording session in freely moving rats [Bergel et al 2020] and in non-human 
primates performing cognitive tasks, where fUSi signal “drops” could predict performance, in 
relation to evolution of pupil diameter [Claron et al 2022]. It is thus probably that neuromodulator 
systems shape wake into several substates, with different neurovascular responses that may explain 
behavioral variability. 
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Figure 3. : Opportunities in combining fUS imaging with electrophysiology (a) In non-human 
primates fUSi can be coupled with single-unit recordings in the supplementary eye field and the 
visual cortex. This provides valuable insights into neurovascular interactions during a cognitive task 
across regions. Note the differences in CBV responses despite increased spiking activity in both 
regions. Adapted from Claron et al. 2023 (b) in chronic preparations without anesthesia or sedation, 
one can observe spontaneous transitions between brain states, for example along the sleep-wake 
cycle. fUS-ephys provide connectivity maps and the spatial profiles of each of these states with 
unprecedented resolution. Adapted from Bergel et al. 2018 (c) Neuropixel recordings coupled with 
fUSi in awake mice. The firing rate of neurons strongly correlates with local CBV in the visual cortex 
and hippocampus. This reveals large-scale correlation maps of neural and vascular correlates to be 
compared. Adapted from Nunez-Elizalde et al. 2022. 

3.3. Studying Neurovascular Coupling Across Brain Regions 
The sensitivity provided by fUSi enables researchers to not only investigate how vascular 

dynamics evolve during state transitions but also how specific brain regions contribute to these 
changes. By facilitating simultaneous comparisons across regions, fUSi can illuminate the interactions 
between cortical and subcortical structures under varying conditions. In animal studies, its minimally 
invasive nature and capacity for chronic imaging allow for long-term observation of neurovascular 
dynamics, yielding valuable insights into processes such as learning, aging, and disease progression 
[Brunner et al 2024]. This comprehensive approach supports robust, cross-validated findings, offering 
deeper insights into functional connectivity, causal interactions, and pathophysiological 
mechanisms. For example, integrating fUSi with functional MRI (fMRI) and diffusion tensor imaging 
(DTI) can demonstrate how structural disconnections contribute to functional deficits in stroke or 
neurodegenerative diseases [Rabut et al 2020]. Additionally, multimodal imaging during learning 
processes can shed light on how structural plasticity underlies functional adaptation. Ultimately, 
these advancements are transforming our ability to study and understand the brain in health and 
disease.  

In healthy human subjects, neurovascular coupling is the cornerstone of most neuroimaging 
modalities such as functional magnetic resonance imaging (fMRI), intrinsic optical imaging (IOS) or 
two-photon laser-scanning microscopy (TPLSM) which monitor changes in hemodynamic 
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parameters. Such parameters like blood-oxygen level dependent (BOLD) signal or total hemoglobin 
concentration are used to infer whether a region is ‘activated’ or ‘deactivated’. How this relates to 
neuronal activity, firing rate and cell type is however unclear. Importantly, most BOLD-fMRI studies 
rely on a canonical hemodynamic response function, that was historically computed in the monkey 
primary visual cortex in response to visual gratings [Ogawa, 1990]. Recent studies have shown that 
NVC is both region-dependent, state-dependent and very sensitive to the methodological approach 
used (anesthesia for instance) [Gao et al., 2017], which advocates for a cautious revisiting and 
reinterpretation of neuroimaging data. 

3.4. Longitudinal Recordings 
Ultrasonic plane waves can travel deep into the body with limited interaction with the live tissue 

and limited energy dissipation by heat. Compared to fMRI where prolonged sequences can generate 
or optical imaging where phototoxicity of bleaching are strong constraints, these limitations are 
relatively absent in fUSi recordings, leaving virtually no constraint on recording duration and 
repetitions. This is interesting in developmental studies where plasticity processes occur over the 
course of weeks or months, or to assess the impact of circadian rhythms where continuous recordings 
for more than 24 hours are extremely valuable. One still has to take into account that prolonged 
recording in freely-moving conditions (even more for head restraint studies) induce stress and 
exhaustion as the total weight of the fUSi probe and the electrophysiology apparatus is significant.  

4. Challenges in Combined fUS-Ephys Recordings 
4.1. Technical and Methodological Challenges 

We review the significant challenges one will face for fUSi recordings combined with 
electrophysiology, which are also present to a lesser extent in unimodal fUSi studies. Good practices 
in surgical preparation and data collection increase the reproducibility of research results and 
provide a solid ground for collaborative projects within an expanding community. 

Designing long-lasting implants 
Despite its rapid advancement, fUSi faces significant challenges related to the transcranial 

propagation of ultrasonic waves. This propagation is severely obstructed by the strong attenuation 
and diffraction effects caused by the skull bone, an obstacle that ultrasound waves must cross once 
after emission and again after backpropagation. Fortunately, the skull thickness in mice, which are a 
key animal model for neuropathological studies, and in young rats allows for transcranial fUS 
imaging through the intact skull [Tiran et al 2017]. As a result, transcranial fUS imaging in mice has 
become widely utilized, particularly in pharmacological research.  

 In adult rats and larger species, researchers must decide between thinned-skull approaches, 
which limit tissue damage but do not prevent bone regrowth and cranial windows which cause 
inflammation and modify intracranial pressure. Fortunately, replacing the bone with molded 
biocompatible polymers such as polymethyl-pentene (TPX) has proven very valuable to acquire 
quality images for up to 8 weeks in rats. Sealing this polymer with dental cement is a critical step to 
ensure no bubbles can form between brain tissue and the prosthesis, as well as to prevent infection. 
Thinned-skull preparations typically last for several days before bone regrowth. 

“Real-estate considerations” 
 Electrophysiological recordings often require bulky boards or connectors to be fixed onto the 

animal’s head, particularly for silicon-probe or neuropixels recordings where electrodes are costly, 
fragile and not flexible. This has strongly precluded the generalization of combined fUSi recordings 
with silicon-probe in rodents except in acute setups where the electrode is removed between 
recording sessions [Nunez-Elizalde et al 2022, Lambert et al 2024]. An alternative in freely-moving is 
to use flexible electrodes such as foldable local field potential electrodes that can be bundled together 
and inserted into a fixed cannula anchored to the skull [Sieu et al 2015]. Because these electrodes are 
static and thin they do not interfere with the ultrasound emission/reception. Conversely, electrodes 
need to be properly grounded so that ultrasound waves do not contaminate electrophysiological 
recordings. 
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 In larger animal models such as primates, there is more room to fit a descending drive with a 
classical recording electrode next to the ultrasound probe (see Figure 1). The design of dedicated 
recording chambers and custom probe holder is key to ensure a compact design. Whereas rodents 
may not have the strength to remove the recording chamber on their own, larger animals can do so. 
It is thus critical to favor a compact design and ensure proper habituation, on the days following 
surgery, for instance with a 3D printed dummy probe.  

Maintaining an ecological behavior 
 The development of lightweight wearable probes has been a game changer for freely-moving 

studies. In 10 years, the size and weight of the ultrasound probes have been dramatically reduced as 
well as the flexibility of the recording cable. At present recordings can be performed over one or 
several planes in freely-moving rats, with a simple pulley/counterweight system, without holding 
the tether. More complex designs and active involvement of the experimenter are required in freely-
moving mice. Cable torsion can be an issue unsolved at present, because rotating commutators like 
the ones used in electrophysiology have not yet been adapted to fUSi probes. 

As opposed to linear transducer arrays used in planar recordings, two-dimensional matrix 
arrays used to acquire volumetric data have a thick stiff cable, forcing animals to be head-restrained 
during data acquisition which may generate stress. Regular handling and habituation sessions are 
necessary. Of note, daytime recordings and nighttime recordings may yield different results as well 
as room temperature in particular for sleep studies, it is therefore critical to recording animals in a 
standardized manner to increase reproducibility.  

Finally, movement artifacts can be minimized in both setups by designing probe holders that 
maintain a mechanical contact between the fUSi probe and the animal skull. This is typically achieved 
by implanting a permanent wearable probe holder on the animal during surgery and by designing a 
second part (sleeve) that maintains mechanical contact with the probe, either with magnets, screws 
or a guide pole.  

Data visualization and atlas registration 
 One of the final obstacles to a widespread use of fUSi in the future is the lack of tools to visualize 

ultrasound data, particularly when coupled to other recordings techniques that may have been 
acquired with different computers. Synchronizing acquisition systems such as video, 
electrophysiology, optogenetic stimulations can either be done upon acquisition by using a master 
clock and trigger pulses to start acquisition simultaneously or a posteriori by collecting “trigger out” 
pulses for each recording apparatus and re-synchronizing post-hoc. Closed-loop systems require the 
first option. Several custom softwares have been designed by different teams but there is a dire need 
for a simple tool and a standardized viewer, for instance to pre-process and normalize imaging data.  

The second major challenge one faces is to properly localize brain regions on functional 
ultrasound images, because no standard vascular atlas is yet available, let alone in non-rodent 
species. A first approach is to use a digitized version of a standard atlas [Paxinos and Watson 1982, 
Mikula et al 2007, Papp et al 2014] and manually register coronal or sagittal sections using prominent 
vascular landmarks, such extra-hippocampal arteries and Willis’s circle. This fails to register non-
coronal planes (diagonal for instance) and may introduce conflicts between different regions in the 
image, if the section is not truly coronal or sagittal. A second approach is to project the fUS image or 
volume into a 3D reference/template atlas and find the best fit, which allows for the registration of 
more complex planes but also increases the complexity of the process and poses computational 
issues. Acquiring a reference volume for each animal before experiments is gaining popularity to 
mitigate inter-individual variability and ensure automatic registration onto this template, requiring 
a single registration per animal [Nouhoum et al 2021]. 

4.2. Conceptual Challenges 
Physiological basis of the fUS signal 
Previous studies have established that the fUS signal arises from ultrasound echoes generated 

by echogenic particles moving at different speeds along different orientations over a typical time 
window of 200 milliseconds (the duration of a rat’s cardiac cycle). In practice, the fUS signal is 
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influenced by multiple factors: number and size of vessels contained in a voxel, vessel orientation, 
scatterers’ velocity and variations in vessel diameter. These parameters are not directly accessible and 
influence each other, meaning that absolute values of CBV and CBF are difficult to estimate. However, 
once a baseline image has been acquired, the number, size and orientation of vessels can be 
considered constant. Upon local vasodilation or constriction, only red blood cell (RBC) speed and 
changes in vessel diameter influence the fUS signal. These two parameters (RBC speed and diameter 
change) affect the Doppler spectrum differently: 1 - Variations in RBC velocity shift the mean value 
of the Doppler spectrum (leaving its global power unaffected), a parameter used to build Color 
Doppler images. 2- Variations in vessel diameter change the number of scatterers inside a voxel and 
directly increase or decrease the full energy of the Doppler spectrum, a parameter used to build 
Power Doppler images. Importantly, this is the case because most vessels are smaller than the size of 
a voxel, otherwise vessel diameter changes would affect several voxels, but not a single one.  

A recent study using concurrent recordings of neural activity, individual blood vessel dynamics 
and functional ultrasound signal in vivo demonstrated that fUS signal can be predicted from calcium 
recordings and single vessel hemodynamic through robust transfer functions in a wide set of 
stimulation paradigms, thus establishing the neural and vascular underpinnings of the fUS signal 
[Aydin et al 2020]. This nicely complements another study [Boido et al 2019] by the same group where 
they acquired fMRI signal, fUS signal and single vessel dynamics in the same animal in response to 
different odors. Importantly, they found short time lags (on the order of the second) for vascular 
responses measured by two-photon laser-scanning microscopy (TPLSM) and fUS, whereas BOLD 
responses were found to be slower and peaked later on the order of tens of seconds. These two 
studies, though limited to the olfactory bulb of anesthetized animals, clearly establish the transfer 
functions between neural activity and single vessel hemodynamics and the fUS signal. Additional 
work is required to establish the same transfer functions in other structures, ideally in awake animals. 

Relation with BOLD-fMRI studies 
The fact that increased neural activity is responsible for subsequent increases in local cerebral 

blood flow – the so-called phenomenon of functional hyperemia – has been demonstrated in seminal 
works in the late 19th century [Mosso, 1880; Roy & Sherington 1890]. Since then, concurrent with the 
advent of fMRI as the gold-standard in neuroimaging, there has been a major effort to describe its 
mechanisms. One key question is whether brain hemodynamics reflect synaptic activity or firing rate 
of local neurons. Studies conducted in the primary visual cortex of monkeys demonstrated that 
positive BOLD signals tightly correlate with local field potential (LFP) recordings while spiking 
activity was either absent or reduced [Mathiesen et al. 1998, Logothetis et al. 2001]. 

A second line of research has focused on the frequency-specificity of the LFP signals preceding 
hemodynamic activation. Most studies have reported that fast synchronized activity – namely 
gamma oscillations – provide the best correlations with brain hemodynamics and that gamma band 
activity could be used as a regressor to reliably predict the subsequent BOLD responses. This was 
first observed in the primary visual cortex of anesthetized monkeys [Logothetis 2001] and consistent 
findings were found in the anesthetized cat’s visual cortex where the coupling between 
hemodynamic response amplitude and LFP was strongest for trials containing sustained fast gamma 
oscillations [Niessing et al. 2005]. Mateo and colleagues then demonstrated that optogenetically-
elicited gamma oscillations were sufficient to entrain arteriole diameter change and generate pO2 
changes that were detectable in the BOLD signal in awake mice [Mateo et al. 2017]. This finding 
suggests that the “default-mode network” (DMN) could indeed arise from variations in gamma-band 
activity between synaptically connected regions [Drew et al. 2020]. 

As of today, it is hard to infer neural activity from vascular data. The quest for a ‘transfer 
function’ or canonical ‘hemodynamic response’ between neuronal activity and brain hemodynamics 
is complex because anesthesia, which is often a requirement for BOLD-fMRI studies in animals, is 
known to strongly affect hemodynamics [Pisauro et al. 2013, Gao et al. 2017]. Another significant 
obstacle comes from the fact that NVC is known to be brain-region dependent [Devonshire et al, 2010] 
like in the primary motor cortex of rodents which shows an inverse relationship between LFP and 
cerebral blood flow from that of neighboring cortices [Huo et al. 2014, Bergel et al. 2020]. Functional 
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Ultrasound solves both issues at once. Its ease-of-use and lightweight head-mounted probe allows 
for an easy ‘plug-and-play’ approach in a wide range of species, circumventing the need for 
anesthesia and allowing large-scale imaging during spontaneous behavior such as spontaneous rest, 
foraging, complex cognitive tasks, sleep and even running. The wider adoption of the fUS-ephys 
approach would considerably accelerate our mechanistic understanding of neurovascular 
interactions in both health and disease. 

5. Future Directions 
This review highlights that ultrasound imaging can now be concerned as versatile and non-

invasive technology with significant potential for future innovations. In the coming years, 
advancements in ultrasound techniques may enable us to uncover the internal structures of 
individuals and populations by applying deep learning methods. Neuroscientists might utilize real-
time neurofeedback to investigate the causal relationships between these internal states and modify 
brain pattern dynamics accordingly. At a functional level, these approaches aim to bridge neuro-
behavioral temporal timescales, focusing on hierarchically nested structures that connect micro 
(milliseconds), meso (minutes), and macro (hours) scales. Additionally, this research on ultrasound 
imaging may link brain states (including sleep) to bodily states (including physical exercises), 
emphasizing the interactions among the brain, heart, gut, and immune system. A key area of 
investigation is understanding how internal brain states relate to individual subjective experiences 
in humans and animals. 

Aside from this structural level of innovation, the sonogenetic approach stands out. This method 
uses ultrasound to stimulate or manipulate cells, like optogenetics but employing sound waves 
instead of light. It could facilitate the targeted delivery of therapeutic agents, enhancing precision in 
genetic activation for specific outcomes, such as drug release or initiating biological processes. These 
advancements will require the exploration of volumetric imaging, adding a temporal dimension to 
achieve 4D imaging in real-time. Future developments aim to push the boundaries of high-resolution. 
Additionally, molecular imaging presents a promising opportunity to visualize biological processes 
at the molecular level through ultrasound, allowing for real-time tracking of these processes to 
dynamically evaluate the effectiveness of therapies [for review, see Heiles et al. 2021] 
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